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Abstract
This project involves the measurement and simulation of the dynamic performance of
a pushrod valvetrain, in particular that of the outer valve spring. The engine was
donated by S&S Cycle Wisconsin. A motoring test rig was constructed to obtain high
speed camera footage of the spring coils motion. Individual static spring coil
displacement measurements were taken, and their stiffness studied. Spring and
pushrod natural resonant frequencies were measured. All data acquisition and analysis
was carried out with Labview programs written during the project. Programs were
written to model individual static coil stiffness using the close coil, open coil, and
theories by Wu and Hsu [16]. Both linear and lumped parameter models were written
to model the springs dynamic performance. The entire valvetrains dynamic
performance was modelled in 4stHEAD, which is a software suite produced by Prof
Blair and Associates [4]. The spring stiffness, spring frequency, and coil stiffness
results are examined in detail with measurements, 4stHEAD simulation results, and
results from the author’s programs where applicable. An in depth analysis of the
4stHEAD simulated dynamic valve lift, with particular emphasis on damping
constants was carried out. The dynamic coil displacement, from measured results,
4stHEAD simulated results and results from the authors programs are examined in
detail, with particular emphases on transient vibration amplitude and frequency. The
possibility of carrying out further work is discussed.
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Nomenclature
0}

- angular velocity (Chapter 13)

0}

- engine crankshaft speed (Chapter 2)

a

- angular acceleration (Chapter 13)

a

= helix angle (Chapter 7)

P

- density of flywheel

6

= angle of twist
= half-coil deflection

d

- spring deflection

P

= polar angle

a

= acceleration

C

= spring compression

D

= spring coil diameter (Chapter 6,7)

D

= diameter of flywheel (Chapter 2)

d

= spring wire diameter

dL

= valve lift per degree

dt

= time per degree

F

= force

Fres

= resonant frequency

G

= shear modulus, modulus of rigidity

g

= acceleration due to gravity

H

= width of flywheel

h

= local helix height

I

= inertia (Chapter 13)

I

= mass moment of inertia of flywheel (Chapter 2)

K

= radius of gyration

k

= spring stiffness

ka

= Active Stiffness

L

= valve lift (Chapter 2)

L

= unwound wire length (Chapter 7)

L

= spring free length (Chapter 8)

XU

M

= bending moment

m

= mass of flywheel (Chapter 2)

m

= mass (Chapter 8)

ma

= Active Mass

me

= Mass per coil

n

= engine crankshaft speed (Chapter 2)
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= number of active coils (Chapter 7)
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R

= spring coil radius

r

= force application radius (Chapter 13)
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= spring wire radius (Chapter 7)

s
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s
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T

= torque

t

= time for one step

U

= total strain energy
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V(i.2)
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V

= Velocity

W

= axial load

X(i.2)
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Chapter 1

Introduction

1.0

Introduction

1.1

Thesis Overview

The main body of the thesis is split into three main sections, the description of
experimental measurements section (Chapters 2 to 6), the description of simulation
and modelling theories and programs section (Chapters 7 to 9), and the results section
(Chapters 10 to 14). Occasionally in the description sections sample results are given
and in other places in the results section the measurement and simulation techniques
are sometimes discussed but in general the report is laid out in three sections as
described.
1.1.1

Section 1, Experimental Measurement

A motored test rig was constructed to carry out the dynamic measurements. It
consisted of a large electric motor and an aluminium test bench. Alterations were
made to the S&S Cycle donor engine to accommodate optical access while
maintaining lubrication. A flywheel was sized and fitted to the engine. (Ch 2
complete)
Sensors were added to the engine to make the dynamic measurements. Three sensors
were used. A high speed camera measured the valve spring individual coil
displacements, an encoder measured the crankshaft speed and angle and triggered the
camera, and a transducer measured the bottom of valve displacement. (Ch 3 complete)
Software was designed in Labview [22] to acquire, process and synchronize the
dynamic measurements. Firstly a program was written to monitor engine speed and
trigger data acquisition once the desired engine speed had been reached, saving raw
data to file. The high speed footage is tracked in Pro-Analyst [21]. A second Labview
[22] program was written to process and synchronize the raw data. An innovative
encoder arrangement and signai analysis allows a high frequency measurement of
engine speed to be obtained. A screen capture image of 4stHEAD [4] results is
converted into numerical valve lift and used to calibrate the high speed camera. The
absolute coil lift in mm is calculated from the pixel values from a Pro-analyst [21]
file. The beginning of the signals are truncated and they are synchronised at 5mm

valve lift. The time scale is converted to degrees cam, a single cycle is truncated and
the signals are realigned. (Ch 4 complete)
The spring stiffness was initially measured using a tensile testing machine. The testing
was later extended to measuring the individual coil stiffness by measuring the
displacement optically and the force in the tensile testing machine. The pushrod and
rocker stiffnesses were measured by measuring the displacement using two dial
gauges, for increased accuracy, and the force using the tensile testing machine. The
valvetrain stiffness was measured by hanging weights from a lever and measuring the
displacement using a dial gauge. (Ch 5 complete)
The spring and pushrod natural resonant frequencies were measured in specially
constmcted apparatuses using a piezoelectric sensor. Two separate Lab view [22]
programs were written to obtain and analyse the raw data. The analysis included the
calculation of a moving Fast Fourier Transform (FFT) showing the dominant
frequency and its amplitude before, during and after striking the spring. (Ch 6
complete)
1.1.2

Section 2, Theories and Simulation Programs

In an attempt to simulate the individual coil stiffness, Labview [22] programs were
written to calculate the spring stiffness using three separate theories. The closed coil
theory, the open coiled theory and work by Wu and Hsu [16] were used. Wu and Hsu
[16] use an intrinsic co-ordinate system to calculate the bending, torsion and direct
shear in three dimensions due to a centre line force. The programs were complex in
their operation, calculating elemental stiffness’s and taking into account the effects of
coil bind. (Ch 7 complete)
A number of different programs were written in Labview [22] in an attempt to
simulate the dynamic behaviour of a valve spring. A simple linear model was built
based on integration of acceleration forces. Several, progressively more complex,
lumped parameter models were also built. The finished result was a program which
allows the user to select as large a number of lumped masses as he wishes, and which
takes into account the effects of damping. Formulas were derived from basic theories
which are used to build arrays which are then solved resulting in the dynamic
displacement. The programs were validated and the convergence tested. (Ch 8
complete)

The 4stHEAD [4] software was used to dynamically analyse the valvetrain. The valve
lift was first deduced in program 6. All of the input data was then measured and
entered in program 10 for the dynamic analysis. The input data varied from measuring
simple geometrical data to measuring and performing calculation checks of the more
complex mass distribution properties. All the input and output data was studied in
great detail until fully understood and backed up with experimental measurement or
calculation where possible. (Ch 9 complete)
1.1.3

Section 3, Results

The results of pushrod, rocker and valvetrain stiffness and frequency are displayed,
discussed and compared to 4stHEAD [4] values where applicable. The possible
validity of the results is discussed with emphasis. (Ch 10 complete)
The spring stiffness results are discussed. There are results of eight different springs,
varying in type from parallel wound, to taper wound to progressively wound. The
exact dimensional data of each spring is tabulated. Graphs show the measured
individual coil displacements, with both descriptive analysis, and numerical analysis
and conclusions. The spring stiffness results are graphed, showing two sets of
measured data, the 4stHEAD [4] simulation and the WU Hsu simulation. A
correlation is drawn between the collective coil stiffness and the spring stiffness. (Ch
11 complete)
The spring frequency results are graphed showing a comparison between the
measured frequency, the 4stHEAD [4] simulated frequency and the calculated from
stiffness frequency. The graphs also display the calculated number of active coils. (Ch
12 complete)
The 4stHEAD [4] results including valve lift, excluding coil lift, are displayed and
analysed. The duration of zero dynamic valve lift is used to determine how well the
stiffness of the valvetrain is modelled. The valvetrain forces are analysed and the
reasons behind slight differences are investigated. The valvetrain static deflection is
analysed. A significant damping constant analysis is carried out. All the damping
forces resulting from default damping coefficients are calculated and analysed. The
hydraulic follower parameters are investigated and the solid follower is calibrated.
With this chapter complete, greater accuracy was achieved in the simulation of

maximum dynamic valve lift which is used to orate the high speed camera. The
high speed camera results are used in the followinhapter. (Ch 13 complete)
The results from Spring Dynamics 7 are analyseA.ll the input values are explained
and justified. The negative damping coefficient ialibrated. A frequency, phase and
amplitude analysis is carried out between themulated and measured dynamic
results. The analysis is presented in tabularirm and conclusions drawn. A
comparison between simulation results from 4stRD [4] and Spring Dynamics 7 is
made. The simulated dynamic coil displacemenfrom 4stHEAD [4] are displayed
and compared with measured values. (Ch 14 comte)
The project conclusions are displayed in detail. ((15 complete)

1.2

Objectives

1.2.1

Original Objectives

The original objectives of the project as prepared Dr K McMullen are listed below:
•

To experimentally investigate the dynamiehavior of poppet-valves and their
actuating mechanisms under motored and id conditions.

•

To develop high-speed optical methods lempirical analysis in the field of
Internal Combustion engine research.

•

To develop behavioral models that accura/ predict valve dynamics under all
conditions.

•

1.2.2

To train in advanced experimental methoc

Plan to Achieve Original Objectives

The motored test-rig will be constmcted from a sable donor engine(s). This will be
modified to allow a variable-speed drive to be a:hed directly to the camshaft. For
the first tests the crankshaft and pistons will be ant. Optical access will have to be
made into the rocker area to allow access for the it source and camera lens; exactly

how this will be achieved has yet to be decided. Machined ports with quartz access
windows are the most likely solution.
It will also be necessary to incorporate the requisite lubrication into the motored rig.
Different lubrication media will be investigated such that this requirement has the
least effect on the optical clarity. Other researchers have used silicon-based oils
successfully.
The acquired optical data will be synchronized with the camshaft rotation using the
following methods:
1. visually by means of an indicator on the end of the camshaft
2. electronically using encoder data
Vibration measurements will be made at different locations using an accelerometer;
this will allow events like valve lofting and impact on the valve-seat to be identified
and correlated to the optical data.
The proposed test procedure will investigate at different rotational speeds how
different cam-profiles and spring stiffness combinations behave.
Later it is planned to introduce pressure beneath the valve by placing a dummy piston
in the motored rig cylinder bore. The volume will then be pressured to lObar to
investigate the effect on exhaust valves, and to sub-atmospheric for the inlet valve
case.
There may also be an opportunity to investigate a firing engine.
At all stages throughout this experimental work, results will be compared with a
suitable mathematical model. Areas of particular interest are:
•

the damping forces experienced by the different components

•

the power required to drive the valve actuating system

•

system behavior after contact has been lost between the components

It is hoped to build the findings into a fully functional valve-train mathematical
model.
Differences in current simulation results and experimental readings will be thoroughly
investigated.

1.2.3

Changes to Original Objectives

The research undertaken did not fulfill all the original objech but instead the path
of the project was altered as a result of experimental murements made, and
supervisorial interest in the addition of new objectives also. authors view on the
importance of the different simulation steps changed and thiore changed the path
of the project also. All had a positive effect on the outcome ot project.
The original objectives were to test the dynamic performanceler motored, artificial
cylinder pressure motored, and fired conditions. Only thotored measurements
were undertaken before changing the path of the project, althh it was kept in mind
the possibility of completing the rest of the dynamic testing aiater stage.
The path of the project, focused on, and followed the perforrce of the valve spring
to a greater extent than was originally intended, in the measuient and simulation of
its resonant frequency and in particular its static stifls. Based on initial
experimental measurements it was considered necessary to ertake study into the
springs static stiffness and then to attempt to expand thiso a dynamic model.
Stiffness measurements were taken not only of the full sprimut of each individual
coil within the spring. Several different approaches wereed in an attempt to
accurately simulate the individual coil stiffness’s. During throject Prof Blair et al
[17-20] has separately undertaken research into the simulatiof full spring stiffness,
has written technical papers on his research [17-20], and aied the results to the
4stHEAD [4] software.
Part of the plan to achieve the original objectives was to take ration measurements.
These were not taken, although knowledge was gained on use of piezoelectric
sensors and integrating amplifiers when measuring the mg natural resonant
frequency.
Also, the plan was to investigate at different rotational spc how different camprofiles and spring stiffness combinations behave. Different r ional speeds and cam
profiles were studied, although the dynamic behavior of ora single valve spring
was measured. The static behavior of several springs was mered.
Original areas of particular interest were:
•

the damping forces experienced by the different compnts

•

the power required to drive the valve actuating syster

•

system behavior after contact has been lost between the components

Interest in the static spring individual coil stiffness and spring resonant frequency
overcame the interests listed above. Of the above points only the damping was
investigated. A special model was built to investigate damping in the spring, and a full
analysis of default damping forces in the 4stHEAD [4] model was undertaken.

1.3

Literature Review

I have split the literature review into four separate sections: Lumped parameter
modelling, valvetrain dynamic modelling, valve spring dynamic modelling, and valve
spring stiffness modelling. In each section there is a summary of the contents of each
paper and a discussion on the papers’ relevance to the project and how my studies
fitted in with the published information.

1.3.1 Lumped Parameter Modelling
Below is a summary of the contents of three papers on the topic of lumped parameter
modelling not specifically applied to valvetrains, although with potential to be applied
in valvetrain simulation. Lumped parameter modelling is well documented in papers.
Lagrange is widely used to solve the equations of motion although newer techniques
like EMM are also discussed (Y Miyazaki et al, 2004)[6]. EMM results in higher
numerical stability. The author devised his own hybrid kinematic based model for the
solution of differential equations. No simular methods were documented in the papers
that were read so what the author devised could be considered rather unique. This
model was applied to the valve spring with the inclusion of damping but with the
exclusion of coil impact. If further study was to be carried out, (A Jonsson, 2005)[5]
documents a method for calculating impact forces in a lumped parameter model
which could be applied to the authors hybrid model. Also, the author adjusts the
damping constants by comparison with measured data, as is usually the case, but (A
Mostofi, 1999)[7] documents methodologies for theoretically calculating the required
damping constants. Also, if further study was undertaken to model the entire
valvetrain, as opposed to the spring alone, then it would be necessary to model
component seperation which is documented by (A Jonsson, 2005)[5].

(A Jonsson, 2005)[5]
This paper focuses on the implications of modelling one-dimensional impact by using
a spring and damper element. Four translation conditions are discussed, of which two
give unrealistic contact forces.
It is shown that for translation condition A, using a spring and damper element results
in a force both at the beginning and end of contact. The force at the beginning is
expected but the force at the end is fictive.
Translation condition B sets the force at the beginning and end of contact to zero. This
arrangement results in theoretical contact before the two bodies actually meet. This
results in a fictive contact force.
Translation condition C uses the beginning condition of A and the end condition of B.
This results in no fictive forces but does result in a sudden increase in force at the end.
Translation condition D is an expansion of condition C to result in zero force after
contact is lost.
A simulation example is given of a vibratory roller used to compress soil. Five
different arrangements are studied in terms of distance from contact.

(Y Miyazaki et al, 2004) [6]
The solution of differential equations is discussed using Lagrange and using Energy
Momentum Method, to maintain numerical stability.
The paper contains several pages of complex matrices which cannot be understood by
reading but must be studied with great detail. Therefore I will limit this description to
say the solution of differential equations by the EMM is presented in the paper, and
can be used to obtain more numerically stable solutions of differential equations than
can be obtained using Lagrange.
No experimental data or examples are given in the paper, but it may be possible to
apply this theory, after a great deal of study, to valve springs.

(A Mostofi, 1999)[7]
This paper presents a mathematical method of calculating damping constants for
application in lumped parameter models, where usually in the past the constants are
tuned against experimental data.

Some of the maths presented in the paper are complex and would need further study
before they could be applied.
The difference between mass damping and stiffness damping is explained well and
the methodologies used to damp out specific frequencies or modes of vibration. An
example is given where both mass and stiffness damping is used together to damp out
two modes of vibration either separately or together.

1.3.2

Valvetrain Dynamic Modelling

The following five papers were read on the topic of valvetrain dynamic modelling,
and although they do not apply directly to the lumped parameter modelling of the
valve spring as undertaken by the author, they would have been relevant if further
study was undertaken into modelling the complete valvetrain including valve spring
coil bounce.
It is common practice not to model the valve spring using separate lumped masses,
but to lump one third of the springs mass with the valve (M. Teodorescu et al, 2005)
[8], (M. Teodorescu et al, 2005)[9], (W. C. Franke, 1956)[12]. Although, perhaps the
reason for this observation is that this section is dominated to a large extent by work
by M. Teodorescu.
Much of the research seems to be focused around the area of the cam follower and not
the valve spring. Much work is documented on lubrication of the cam (M. Teodorescu
et al, 2005) [8], (M. Teodorescu et al, 2005)[9], (M. Teodorescu et al, 2004)[11],
camshaft flexibility (M. Teodorescu et al, 2005)[9], and follower friction forces (M.
Teodorescu et al, 2005) [8], (M. Teodorescu et al, 2004)[11].
Measured data is limited to cam-tappet force and valve acceleration (M. Teodorescu
et al, 2005) [8], (M. Teodorescu et al, 2005)[9], (W. C. Franke, 1956)[12].

(M. Teodorescu et al, 2005) [8]
A simple two lumped mass model is used to simulate the valvetrain. The first mass is
of the valve, retainer, collets and one third of the mass of the spring. The second mass
is of the pushrod and follower. It should be noted that under this arrangement the
spring is not modelled using separate lumped masses.
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The modelling of lubrication is discussed where the lubrication’s equivalent stiffness
and damping is calculated for use in the lumped parameter model and the oil film
thickness is also calculated.
The effect of component impact is discussed, at the cam surface resulting after valve
float and at the valve seat. The equivalent lumped parameter models stiffness and
damping is calculated.
This analysis is given the descriptive title Tribo-elasto-multi-body dynamics, or
multiphysics analysis as in the title of the paper.
The cam tappet force and the valve acceleration are measured and compared with the
simulated values.

(M. Teodorescu et al, 2005)[9]
This paper looks at a pushrod valvetrain including the effects of lubrication and
camshaft flexibility. Entraining motion and central oil film thickness are discussed
and formulae are presented. Contact friction is discussed in detail referencing
formulae and information from other researchers.
A lumped parameter model of the valvetrain is used where the valvetrain parts,
including one third of the mass of the valve spring, are lumped into a single mass.
This model is then expanded to include the effects of camshaft torsional and bending
flexibility. Valve acceleration was experimentally measured on a single cylinder firing
engine and compared to the simulated valve acceleration.
There is a discussion on calculated oil film thickness variation with cam angle and
type of lubrication (entraining or squeeze).

(Dr David J Grieve, 2004) [10]
Firstly a Simple Harmonic Analysis is carried out to get a feel for the magnitudes of
acceleration involved. It is the author’s opinion that to use a SHA as a valve lift
profile is unrealistic.
A simplified kinematic analysis is presented where it is assumed that in an overhead
cam valvetrain all the valvetrain components have equal acceleration. The analysis is
then expanded to include a pushrod-rocker arrangement. A constant rocker ratio is
used and the inertia of the rocker is translated to effective mass at the valve.
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(M. Teodorescu et al, 2004)[11]

This paper looks at the cam-tappet friction force, the tappet-tappet bore friction force
and the resulting spin.
The paper looks at Elasto-Hydrodynamic, mixed and boundary lubrication.
A set of equations are derived to calculate the forces between the side of the tappet
and the tappet bore and the normal forces also. Equations are also derived and there is
a substantial discussion on cam tappet friction forces and lubrication regeme. Tappet
spin torque and tappet spin velocity equations are explained.
In an experimental test rig, the tappet is redesigned and strain gauges are used to
measure the tappet forces. Simulated and measured data is discussed for tappet spin
and tappet-tappet bore friction force.

(W. C. Franke, 1956)[12J

Initially a single lumped mass model of a valvetrain is presented.
Measurements of valve velocity are made and the measurements are integrated and
differentiated to calculate valve displacement and acceleration.
The model is then expanded to include three lumped masses, although the valve
spring is not given its own lumped mass. The lumped masses are the valve, rocker
arm, and pushrod and tappet. Seating stiffness and valve seat coulomb friction
damping are included. Also, separation of the components during operation is allowed
for.
The computed valve bounce at three different engine speeds is analysed.
The measured and computed valve acceleration and velocity are compared.

1.3.3

Valve Spring Dynamic Modelling

If a paper modelled the valve spring using separate lumped masses, as opposed to
lumping one third of the springs mass with the valve, then it is included in this
section.
(S. McLaughlin et al, 2002) [13] uses five lumped masses, and (M. Kushwaha et al,
2000)[14] uses two. It should be noted though that their discussions are mainly
dominated by other issues, (S. McLaughlin et al, 2002) [13] by valve bounce, (M.
Kushwaha et al, 2000)[14] by lubrication, and (Dr Horst Mews et al, year unknown)
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[15] by hydraulic followers. No experimental measurements of dynamic spring coil
displacement are documented so what the author has done by making these
measurements is rather unique among the papers read.

(S. McLaughlin et al, 2002) [13]

This paper primarily discusses the simulation of valve bounce but includes in its
simulation a five mass lumped model for each of the inner and outer valve springs.
The paper is on a Winston Cup pushrod valvetrain.
A very good description of previous work, two and a half pages in length, in the
various simulation models used and their ability to simulate valve bounce is
summarised.
A modal analysis of valve spring surge is carried out in the 1-DEAS TEA package and
also in the ADAMS environment.
Eigenvector and eigenvalue calculations are discussed.
Simulated tappet-cam and pushrod-tappet force diagrams are examined for the
presence of valve float and bounce.
The presence of simulated valve spring surge is discussed where each of the valve
springs lumped masses’ amplitude and phase do not coincide. This results in varying
coil simulated amplitude at a given engine speed.
The importance in modelling rocker arm flexibility and using a lumped parameter
model of the valve spring is discussed.
A comparison is made between measured and simulated valve bounce. It is found that
the simulated and measured engine speeds at which valve bounce occur coincide well,
but that the simulated amplitude is higher than the measured.
Much of the valve bounce discussion is irrelevant for the authors studies although the
application of the valve spring as a lumped parameter in the model is relevant, and the
calculation of eigenvectors and eigenvalues also.

(M. Kushwaha et al, 2000)[14]

This paper presents a simplified tribo-elasto-multi-body analysis of a valvetrain,
including the effects of valve spring surge.
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The spring is given two lumped masses. The mass and stiffness distribution in the
lumped parameter model is calculated using formulae based on the natural resonant
frequency and stiffness. This differs from the usual approach where the spring mass
and stiffness is divided equally among the lumped masses and springs.
Camshaft lubrication is modelled using elasto-hydro-dynamic lubrication. Firstly
Hertzian pressure distribution is discussed and then EHL modelling. An extrapolated
oil film equation is presented.
The constraint functions between the different parts are given.
There is an in depth discussion on oil film thickness calculated using various theories.
Differing speeds of entraining motion, showing graphs of entraining velocity and oil
film thickness vs. cam angle are discussed. The second type of lubrication, squeeze
lubrication is also discussed showing a graph of squeeze velocity vs cam angle.
No measured data, graphs of simulated valve bounce or of simulated valve spring coil
displacement is given. The discussion and results are dominated mainly by lubrication
issues.

(Dr Horst Mews et al, year unknown) [15]

First there is a general discussion of the simulation software used at INA. A
commercially available lumped parameter modelling software is used.
Bucket stiffness is discussed in detail and is said to have a significant effect on
valvetrain behaviour, as applied to an overhead cam. The stiffness is either measured
or evaluated by FEA and input to the lumped parameter program. The discussion
includes hydraulic lash adjustment.
Leakage and leakage compensation from the hydraulic follower is discussed. An
empirical formula for leakage rates is presented based on measured leak-down rates.
Valve spring simulation is briefly discussed. A lumped parameter model is used. The
input stiffness to the lumped parameter is discussed.
In the hydraulic lash adjuster, the pressure in the high pressure chamber and the lift of
the check valve ball is measured and compared with the simulated values. Valve lift
was measured using two lasers.
Two different designs of cam follower are discussed.
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Although the valve springs lumped parameter model is presented, there is no
discussion on the valve spring in the results section. The paper is primarily about
hydraulic lash adjusters and is of little use in the authors studies of valve springs.

1.3.4 Valve Spring Stiffness Modelling
Very little information is published on the topic of valve spring stiffness modelling.
Only a single paper was found during the literature review (Wu et al, 1998)[3]. This
paper is on the modelling of conical springs and its theory is applied later in chapter 7
to parallel and progressively wound springs so I will leave its description to chapter 7.
Towards the end of the project, during the write-up, a trilogy of papers was published
by G.P. Blair et al [17-20]. These papers discuss the simulation of spring stiffness and
natural resonant frequency for parallel, progressively and taper wound springs. The
discussion includes design principles and comparisons with measured data for all
spring examples. I highly recommend reading these papers which are available for
download at www.profblairandassociates.com.

1.3.5 Literature Review Conclusions
The topics of lumped parameter modelling and valvetrain dynamic modelling are well
documented in literature. In particular the modelling of impact, component seperation,
Lagrange and EMM, calculation of damping constants, lubrication - entraining and
squeeze, lubrication - EHL, mixed and boundary, cam tappet friction forces and
camshaft flexibility. The papers grouped together in the spring dynamics modelling
section used lumped parameter modelling of the valve spring within a larger lumped
parameter model of a valvetrain. There was little or no discussion on a lumped
parameters ability to model a valve spring. None of the papers read experimentally
measured the dynamic displacement of each individual coil within the spring. It is
critical that an accurate spring dynamic simulation model is achieved, as it is the
spring which provides the forces necessary to control valve motion. The spring is
difficult to simulate for two main reasons: A) It has a very low stiffness to mass ratio
which results in spring surge, and B) the spring is subjected to a large variation in
acceleration between the bottom where it is stationary and the top where it is
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subjected to severe acceleration rates. This deficiency in the discussed literature was
investigated when the author wrote a hybrid kinematic model of the valve spring and
took experimental measurements of the dynamic individual coil displacements. Also,
when carrying out the literature review at the beginning of the project it was found
that there was little information on spring stiffness modelling and the ability of these
models to simulate spring stiffness - a more difficult quantity to simulate than load vs.
displacement curves which are usually discussed. Also, during the course of the
project a phenomenon where the bottom fraction of a coil has unusually high stiffness
was theoretically investigated and compared with measurements of static individual
coil compression. None of the discussed published data took measurements of
individual coil compressions to study coil binding.
So, in conclusion, it is through both the static and dynamac measurement of valve
spring individual coil compressions, and the respective simulation of spring stiffness
and lumped parameter modelling that the author has spent much time studying. With
the exception of literature on lumped parameter modelling, work on individual coil
compressions, both statically and dynamically, both measured and simulated, is not
documented in the literature read and hence the reason why, with the exception of this
literature review, the work of others is rarely referenced in the main body of the
report.
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Chapter 2

Motored Test Rig

2.0

Motored Test Rig

2.1

Power Source

The engine under analysis has been stripped of most of its internal mechanisms and
only the components necessary for the operation of the valvetrain remain. Therefore
an external source of power is required to turn the engine. The 4stHEAD [4] software
indicates that only approximately 0.5kW is required to power the valvetrain. But,
because of the high stiffness of the valve springs used, and because the tests were
carried out with only one valve opening, the first turn of the engine requires large
torque to compress the springs. Once running, the engine inertia smoothes the torque
requirement. It was decided to use an electric motor. A three-phase 1 IkW motor was
selected and a frequency inverter is used to control the speed. The crankshaft is
replaced with a plane shaft, and this is coupled directly to the motor using a toothed
timing belt. The pulleys transmission ratio provides an upper running engine speed of
6900rpm.

2.2

Mounting of Engine and Motor

The engine is mounted on top of an aluminum test bench and the motor is mounted on
a rotating cage within the test bench. A load cell is used to measure the torque
reaction between the rotating cage and the test bench.

Figure 2.1: Engine and Motor Mounting
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2.3

Lubrication

A two-stage oil pump is fitted to the engine. The first stage scavenges oil from the
camcase and pumps it into a settlement tank. A gravity feed primes the second stage,
which supplies oil, at regulated pressure, to the engine. An external pneumatically
operated pump is used to scavenge oil from the crankcase and pump it to the
settlement tank. Oil is usually supplied to the engine head through the hollow
pushrods. It is necessary to isolate oil from the head and so the supply is blanked off.
The rocker is manually lubricated on assembly between tests.

2.4

Optical Access

For operation of the high-speed camera it is necessary to gain optical access to the
valve springs. The rocker and valves are usually contained in an enclosure at the top
of the head. Figure 2.2; top left, and this enclosure has been removed. Spacers have
been used to maintain the gap between the rocker fixture and the head, as seen in
Figure 2.2; bottom. The valve springs are positioned down inside in the head and part
of the head was machined away to gain optical access. The horizontal line in Figure
2.2; bottom indicates the level of the material before machining.

Figure 2.2; Gaining Optical Access
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2.5

Engine Speed Fluctuations

The engine inertia is greatly reduced, because most of the internal engine components
are removed, such as the pistons, conrods, crankshaft and flywheel. Figure 2.3 shows
an estimate of the instantaneous power required to drive the valvetrain as the valve
springs are dynamically compressed and decompress. This power is usually provided
and absorbed by the engine inertia, but with the reduced engine inertia severe engine
speed fluctuations were measured. It was decided to size a flywheel to reduce these
fluctuations to less than 3%. Neglecting the dynamic forces, using the valve lift
profile and spring stiffness it is possible to estimate the power requirements and
engine speed fluctuation for a given flywheel inertia and engine speed. As the engine
speed is increased the absolute engine speed fluctuation reduces and so also, to a
greater extent, does the percentage fluctuation. Therefore a lower engine speed of
1500rpm was used to size the flywheel. At this speed the peak power requirement is
1.4kW and the maximum speed reduction is 0.69%. At an engine speed of 6500rpm
the peak power requirement is 6kW and the maximum speed reduction is 0.036%.

PlywtiMl Sizing
- Engine Soeed

- Power Requirement

Figure 2.3: Flywheel Sizing

The excel [23] program “Flywheel” was used to size the flywheel. The calculations
only consider the forces required to compress the valve springs and neglect the
dynamic forces.
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From the formula

Power = Force x Velocity

And calculating the velocity from the valve lift profile gives

Power = Force

x

dt

And substituting in

n rpm
So, dt

60
60
n(360)

revs/sec
sec/degree

Gives, in column D

Power = Force x dL(6n)

The force was calculated in column C from

Force = k(L + preload)

Then using the formula below, the angular acceleration was calculated in column F

a -

Power
\(0

The flywheel inertia was calculated in cell L3

mK^

;rpHD*
32

Cork Institute of Technology
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The engine speed was then calculated using the formula

Uj

=

n

=

n i-l

adt
a
6n

Where

2.6

L

= valve lift

dL

= valve lift per degree

dt

= time per degree

n

= engine crankshaft speed

I

= mass moment of inertia of flywheel

0}

= engine crankshaft speed in rad/sec

m

= mass of flywheel

K

= radius of gyration

p

- density of flywheel

H

= width of flywheel

D

= diameter of flywheel

g

= acceleration due to gravity

Disadvantages of Test Rig and Possible Solutions

There are two changes that would improve the functionality of the test rig. The
frequency inverter used to control motor speed has a characteristic of producing
electrical noise in sensor readings. It would be of great benefit to use a different form
of power supply, such as a hydraulic unit. The second change is that, the load cell
used for motor torque measurement was sized sufficiently large to prevent overload
by the starting torque. More accurate readings, with a higher signal to noise ratio,
would be obtained if a smaller sized load cell were used in parallel with a mechanical
mechanism to prevent overloading.
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Chapter 3

Motored Test Rig Sensors

3.0

Motored Test Rig Sensors

3.1

Introduction

Three sensors are used to measure the dynamic coil displacements and valve lift. An
encoder is used to calculate engine speed and crank angle position. An inductive
transducer is used to measure valve lift, and a high-speed camera is used to optically
measure coil dynamic displacement. A high-speed data acquisition unit is used to
interface all three sensors with the computer.

Optical
Data

In-Cylinder Mounted
Inductive Transducer
Data

Encoder
Data

Figure 3.1: Dynamic Displacement Sensors

3.2

Encoder

An encoder of 360ppr resolution is used to calculate engine speed. At ISOOrpm, there
are 9000 pulses per second. If the signal is sampled at 600kHz, the resolution will be
66 samples per pulse. This means the angular resolution is 66 samples per degree, or
24000 samples per revolution. If the engine speed is calculated once per revolution,
there will be a resolution of 1/24000, which equals 0.004%. This resolution is more
than sufficient.
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If the engine speed is calculated once per degree rotation, the resolution is 1/66, which
equals 1.5%. To measure engine speed fluctuations, which are known to be
approximately 1.0%, once per degree rotation, a resolution of 1.5% is not high
enough.
The above analysis is based on a binary signal. In other words, the signal is square
waved of either level Ov or 5v. If the waveform were changed to have a rise time or
fall time long enough to be sampled twice, by interpolation it is possible to increase
greatly the resolution.
With reference to E6C2-C Incremental Rotary Encoder (n.d.). Figure 3.2 shows the
wiring diagram used. Usually a load resistance of at least \kQ is used and this results
in a maximum rise time of \jus . By reducing the load resistor to lOOQ the fall time is
increased, allowing the falling part of the signal to be sampled.

Figure 3.3 shows measured engine speed, per degree rotation, at 1500rpm. The drop
in engine speed as the valve lifts is -1%.
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Engine Speed Fluctuation

Figure 3.3: Measured Engine Speed Fluctuation

3.3

Transducer

3.3.1 Introduction
This system uses inductive technology to determine the position of a metallic target
relative to the system sensor. As seen in Figure 3.4, the base of the valve acts as the
target. A non-conductive medium between the sensor and valve does not affect a
calibrated system, and so an environment containing dirt, oil or humidity does not
affect the accuracy. The system also has high noise immunity.

Figure 3.4: Inductive Transducer
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3.3.2 Sensor Mounting
Long term stability and resolution improve exponentially as the operating gap
between the sensor and target decreases. Minimum offset of 10-20% of the measuring
range is required. Maximum linearity is centered anywhere between 25-75% of the
measuring range. Table 3.1 shows the sensor characteristics. An offset of 4mm was
selected.
% Measuring Range
Measuring Range
Resolution
Linearity
Frequency Response

0.01%
1%

Absolute
0.5 to 25 mm
0.003 mm
0.25 mm
50kHz

Table 3.1: Sensor Characteristics

Explained above are offset requirements between the sensor and the target. There are
also minimum clearance requirements between the sensor and the housing. These are
displayed in Figure 3.5.

2.5 TO 3 X
SENSOR DIAMETER

PARTIAL SHIELD

1.5 to 2 X
SENSOR DIAMETER

Figure 3.5: Mounting Clearances

A rigid fixture has been machined from solid aluminum bar to hold the sensor. To
ensure that the correct clearances were obtained, and that the sensor and fixture would
fit inside the cylinder, a 3D cad model was produced. The clearance between the
second valve and the sensor was also taken into account, to avoid impact. But, the
second valve has to be removed because it enters the sensors measuring range. Figure
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3.6 shows the 3D cad model, and the machined fixture and sensor installed on the
engine head.

Figure 3.6: Transducer Mounting

3.3.3 Sensor Calibration
Figure 3.7 shows the transducer calibration configuration. There are four adjustments;
zero, gain, coarse linearity, and fine linearity. These adjustments are interactive so
many iterations are required before system calibration is achieved. As can be seen in
Table 3.1, there is a large difference between resolution and linearity. To improve
accuracy it was decided to use a polynomial look-up table to convert the voltage to
displacement. The repeatability achieved was approximately +/- 0.02mm to 0.05mm.
This is a large improvement on the 0.25mm linearity quoted. When the engine was
run high frequency electrical noise was experienced and a software filter is used to
eliminate this. The system was recalibrated with the filter in place.
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Figure 3.7: Transducer Calibration Configuration

3.4

High Speed Camera

3.4.1 Introduction
Conventional methods can be successfully used to measure valve lift. These methods
usually use a physical contact to measure valve displacement. The valve actuating
mechanism is of high stiffness and the dynamic mass of the contact has little effect on
the dynamic displacement. In the case of the spring, the mass to stiffness ratio is very
high and adding a follower would change the coil’s dynamic displacement. Inductive,
capacitive or laser measurements would be another possibility. But, the small
diameter spring wire would be a difficult target to measure. An innovative method is
being used to measure the coil’s displacement. The displacement is measured
optically using a high-speed camera.

3.4.2 Optical Requirements
This method is a non-contact non-intrusive method on the valvetrain. However, it is
intrusive on the engine head. It is necessary to gain optical access. This means that the
spring has to be illuminated and that it must be visible by the camera. Frame rates of
up to 18000 frames per second are used, so this means that there is 1/18000 of a
second to excite the cameras light sensor. Therefore, high light intensity is necessary.
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The other factor affecting lighting intensity is the area being captured. A smaller area
requires higher intensity. 500W focused halogen lights are used. Two lamps are used
to light the spring obliquely as seen in Figure 3.5.
For the spring to be visible the medium between the camera head and the spring must
be transparent. The rocker enclosure has been removed, part of the head has been
machined away and the oil supply to the head has been blanked off. The rocker is
oiled on assembly between tests. Alternative lubrication solutions would be to use a
semi-transparent silicone based oil or to use some form of dry lubrication such as
graphite.

3.4.3 Test Setup and Operation
Figure 3.5 shows a typical test setup.

Camera Head

Figure 3.5: High-speed Camera Operation
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A separate camera processor is required because the computer processor is not fast
enough. The images are recorded to the processor and downloaded to the computer at
a later stage. It takes several minutes to download just a few tenths of a second of
footage.
All recording variables are controlled from the computer. These include Frame Rate,
Shutter Speed, Image Size and Trigger Mode. The Frame Rate determines the number
of images captured per second. The rate of data transfer between the camera head and
the camera processor is limited, so the data per image must reduce if the Frame Rate
is increased. In other words, a decrease in image size results from an increase in
Frame Rate. The default setting of Shutter Speed is the inverse of Frame Rate. If a
blurred image is being recorded, and the frame rate cannot be increased, a higher
shutter speed should be used.
The trigger mode determines how many frames will be recorded before and after
receiving the trigger. A Start Trigger is used. Recording is triggered using an analog
trigger from Labview.
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Chapter 4

Programming Signal Acquisition, Processing and
Synchronisation

4.0

Programming Signal Acquisition, Processing and
Synchronisation

4.1

Signal Acquisition

Figure 4.1 shows the front panel of the labview [22] program “Enc_Trans_Trigger”.
This program is written and is used to control signal acquisition from the three sensors
on the dynamic test rig. A “coasting test” is performed. For this test, the engine is run
up to speed, the inverter is switched off, and the engine is allowed to coast to a stop.
Signal acquisition is triggered after the inverter is switched off, so the sensor readings
are free of electrical noise from the inverter.
The program performs two operations. It saves the raw encoder and transducer signals
to file and it sends an analog trigger to the high-speed camera.
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Figure 4.1: “Enc_Trans_Trigger” Front Panel

Before a test can be performed, the test has to be set up, using the controls on the left
hand side of the front panel. The “SamplesPPulse” set as 40 in Figure 4.1 specifies
how often to sample each pulse of the encoder. “RPM” specifies the test speed in
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revolutions per minute of the crank. Using these two inputs, the program calculates:
“Min Sampling Rate”; the minimum sampling rate required within labview [22] for
the high speed DAQ unit, if at least the specified number of samples per pulse are to
be attained at the specified speed. And, it also calculates “Min FramesPS”; the
minimum frame rate for the high-speed camera if one frame is to be recorded per
pulse of the encoder. By examination of “Min FramesPS” the user selects the nearest
available frame rate, usually the next highest, and enters it as “FramesPS”. The
program then calculates “FramesPRev”; the number of frames per revolution that will
be recorded if the specified frame rate and engine speed are used. When the user is
happy with the above combinations, he then enters the number of cam revolutions to
record as “Cycles”, and the program calculates the required “Sample Size” and “Freq
Inverter”. “Freq Inverter” indicates the output frequency of the motors frequency
inverter, which can be compared to the display on the inverter.
The program contains two triggers. The first trigger trips when the engine speed is
higher than the value of “Upper coasting speed” and the second trigger trips when the
engine speed is lower than the value of “RPM”.

Figure 4.2: Schematic of Signal Acquisition

Figure 4.2 shows the schematic layout of the trigger loop. Using a potentiometer
controller from the frequency inverter the engine speed is increased manually until it
passes the upper coasting speed. An indicator then turns green on the screen
prompting the user to switch off the inverter. As the decreasing engine speed passes
the test speed “RPM” a second indicator turns green indicating that acquisition has
been triggered.
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When both triggers have been received the program performs two operations. It saves
the raw encoder and transducer signals to file and it sends an analog trigger to the
high-speed camera. The labview program is written to ensure that the time delay
between the software triggers and the analog trigger is kept to a minimum. The signals
are selected, chopped and aligned later in a separate program.
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4.2

Signal Processing and Synchronization

The Labview [22] program “Signal Analysis c” [25] is written and used to process
and synchronize the signals from the three sensors and the output from the 4stHead
Software [4]. Figure 4.4 shows the schematic layout of the program. ^ It opens the
transducer and encoder raw data file saved by “Enc_Trans_Trigger”. ® A separate
sub-program or sub-vi “Signal to Lift Speed” is written to process this raw data and
output the lift in mm and the engine speed in rpm. Figure 4.3 shows the display of the
calculated engine speed. Figure 4.5 shows the calculated valve lift.
^ The beginning of the lift array is truncated as shown in Figure 4.6. This is done by
comparison with the 4stHead [4] lift array and leaving the same number of degrees
before 3mm lift. Filters used during processing cause the negative lift spike at the
beginning of the signal, as seen in Figure 4.5. As well as getting rid of this, the
truncation ensures that the lift array starts at zero lift, as is required during the
aligning process.
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Figure 4.3: Calculated Engine Speed
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Figure 4.4: Schematic Diagram of “Signal Analysis” Program
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Figure 4.6: Truncated Transducer Valve Lift
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As discussed in chapter 3 the transducer linearity was improved using a polynomial
LUT calibration [22]. It can be seen in Figure 4.6 that the ‘zero lift’ part of the lift
array is not zero. This is caused by a voltage-offset in the transducer output. More
than one millimeter offset can be experienced. As a result, the LUT calibration is no
longer of any use and the linearity is once more limited to the quoted value of

+!-

0.25mm. Higher accuracy would be expected at maximum lift than at zero lift because
measurement error increases exponentially as the distance from the sensor increases.
But, because the value of maximum lift changes when the lift array is zeroed, then the
accuracy at maximum lift is only similar to that at zero lift.

Valve Lift
17-

A

16151413-

A

A

121110-

io 8I 7

-

6543-

210—

-1-,
0.00

U

1
0.03

0.04
Time (s)

0.00686' 0.01576(

Figure 4.7: Zeroed Truncated Transducer Valve Lift

Figure 4.8 shows a screen print of the dynamic coil lift outputted in the 4stHead [4]
software. This file is opened in the “Signal Analysis c” program [25] and

by

scanning the RGB (Red Green Blue) values of the individual pixels, arrays of (x, y)
values are attained for each coil. The way the program is written, the user can choose
the number of data points in the x-direction.
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Along the base of the image there is a black line with markers. The scale division for
each marker must be 50 Degrees and the scale must end at the 350 Degrees marker.
Similarly, the scale must start at 0 Degrees, usually denoted by the y-axis black line
up the left hand side of the image. There are controls at the side of the image allowing
the user to crop the image until it contains only 0 to 350 degrees inclusively. On the yaxis, only 0 to 20mm inclusively should be contained. The scale division here is 5mm
between markers. If the image is cropped correctly, the program will scale from pixel
to millimeters and degrees correctly.
Original Picture With Borders

^ The program opens the pro-analyst file containing the pixel positions of the coils as
measured optically using the High-Speed Camera.

The absolute lift in pixel of each

coil is calculated using a similar method to that used when calculating the
displacements during the calculation of the coil stiffness’, as explained in the previous
chapters. Figure 4.9 shows the pixel displacement of the top coil, which should
approximately equal valve lift.

u

Using the transducer maximum lift as a reference an
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initial calibration to millimeters is carried out on the HSC (High Speed Camera)
maximum lift. Figure 4.10 shows the calibrated valve lift in mm.
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Figure 4.9: HSC Valve Lift
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Figure 4.10: Calibrated HSC Valve Lift
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Figure 4.11 shows the unaligned valve lift as measured using the HSC and
Transducer. ^ The signals are aligned at 5mm lift using the sub-vi “Align signals”.
Figure 4.12 shows the aligned signals. ^ The signals are then truncated to one cycle by
referencing the valve lift array from 4stHead [4]. The truncated signals can be seen in
Figure 4.13. ^ The time axis is scaled to degrees using the calculated engine speed. ^
Using the sub-vi “Align Signals” the transducer and HSC valve lift is aligned with the
4stHead valve lift at 5mm lift. Figure 4.14 shows the result.

Valve Lift

Time (s)

0.0104

16.1946

waH

HSC Lift
Transducer Lift

Figure 4.11: Unaligned Valve Lift
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Valve Lift
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Figure 4.12: Aligned Valve Lift
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Figure 4.13: Aligned and Truncated Valve Lift
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Figure 4.14: Measured and Simulated Valve and Coil Lift
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4.3

Signal Processing and Synchronization Sub-Vi’s

4.3.1 Signal to Lift Speed
This Sub-Vi is used to open the raw data file of the transducer and
encoder signals. It then calculates engine speed and valve lift.

►

Engine speed is calculated per pulse by manually examining the raw

File Name

*

mm 2

►

voltage 2

data point-by-point. As already explained in previous chapters, the
falling edge of the pulse is sampled at least twice. By linearly
interpolating between time and voltage, the absolute time at which

Lift X

>

Lift y

>

speed >;

*

Speed y

►

the pulse voltage passes 2.5V can be calculated. Subtracting successive values,
enables the exact period of the pulse to be calculated. The outputted x-value of speed
is the absolute time at which each pulse ends, and the y-value is the engine speed at
that time in revolutions per minute crank.
The transducer data is low-pass filtered at 500Hz. It is then compressed by a factor of
sixty. Fitting a polynomial to the calibration readings and then calculating the
polynomial equation finds the valve lift, “mm 2” and “voltage 2” are used to input the
calibration readings. When measuring these calibration readings the same filters
should be used.

4.3.2 Align Signals
This Sub-Vi is written to align two valve lift curves.
The inputs can contain multiple valve lift cycles at
varying engine speed. The sub-vi adds a constant to
an x-value array “X2” so as to align it with another
x-value array “XI”. The constant is determined by

lAuto Align '^|
Align Method

ihiHalP Cycle"^—»

Align Y Level
Full/HalP Cycle
XI

examination of the two corresponding y-value

X2

Yl

arrays, “Y2” and “Yl”. Two further sub-vi’s are

Y2
Aligned X values

used to do this. The first sub-vi, “Lift Durations”,
calculates information on the varying period of the inputs. The second sub-vi, “Align
Markers”, examines this information and calculates the aligning constant.
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4.3.3 Lift Durations
This Sub-vi is written to calculate the duration and position
between successive cycles of a valve-lift profile reaching a value
of 5mm. The value of 5mm is entered as “Align Y Level”. The

Align Y Level

Full/HalF Cycle

user can specify either a full or a half cycle.
For a “full” cycle, the duration is linearly interpolated between

Durations
X marker

each successive value of 5mm lift on the rising side of each
profile. For a “half’ cycle, each duration is calculated between the rising side and the
falling side. This is particularly necessary if there is only one cycle!
The sub-vi outputs the durations and the x-markers. Each x-marker is the absolute
position of the center of the corresponding duration.

4.3.4 Align Markers
This sub-vi analyses the “durations” and “markers” of signals 1 and
2 and based on the analysis it adds a constant to the x-values of 2,
so as to align the two signals.
“Align Method” allows the user to specify the aligning method.
One method is Auto Align. Say, if each signal contains four cycles,
the program will automatically align the first “marker” of signal 2
with the “marker” in signal 1 whose “duration” is closest to the first

1

X Durations 1
X Markers 1
X Markers 2
X Durations 2
X Values 2
Aligned X values
Aligning constant
Align Method

“duration” of signal 2. The other methods allow the user to specify
which “marker” in signal 1 to align the first “marker” of signal 1 with. Any of the first
four markers can be specified.
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4.4

Digital Image Tracking

Professional Analyst [21] is a special image recognition and tracking software. It is
easy and fast to use. You simply draw a box around the image which you want to
track, and the software tracks that portion of the image. It produced a file containing
the pixel position of the tracked image. It is also possible to produce displacements
and velocities within the program, but it was decided that the raw pixel data gave the
most information, so that data was saved. Before taking the high speed footage dots of
tippex were placed on the spring. These dots give the software a distinct feature to
track. At one stage the author considered writing a simplified black and white tracking
program but the decided it was unnecessary. Figure 4.15 shows a screen capture of the
software at work. It is also a useful program for playing back videos at reduced frame
rates.
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Chapter 5

Stiffness Measurement

5.0

Stiffness Measurement

5.1

Spring Stiffness

Initial measurement of spring stiffness was carried out using a tensile testing machine.
The controlling software produces a file of Force versus Deflection and the stiffness
of the spring is easily calculated in Excel [23]. The measurements, also, are easily
obtained, and are in small increments of deflection. The disadvantage here is that no
information about the individual coils is obtained.

5.2

Coil Stiffness

The displacement of each coil within the spring was measured optically.
Measurements were made per millimeter deflection of the spring. To optimize the use
of pixel resolution, the camera was set up with the axis of motion lying along the
diagonal of the image. For each measurement, the spring was compressed to the next
millimeter interval, the force was recorded and the camera was triggered.
The optical image is analyzed using image-tracking software. This gives the pixel co
ordinates of the coils. As the spring is compressed the coils twist slightly. As a result
the axis of motion of the coils is not coincident to the axis of motion of the spring.
Three different methods have been used to calculate the displacement.

5.2.1

Absolute Displacement

This uses Pythagoras to calculate the absolute displacement, as indicated in Figure
5.1.
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Axis of
motion of
spring

Figure 5.1: Absolute Displacement

5.2.2

Displacement by Vertical Translation

This method translates the point vertically onto the axis of motion of the spring. The
angle between the axis of motion of the spring and x-axis is calculated. The
displacement is then the difference between the x-pixel values divided by cosine of
the angle.

Axis of
motion of
spring

A
Figure 5.2: Vertically Translated Displacement
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5.2.3

Coaxial Displacement

The coaxial displacement is the displacement in the same axis as the axis of motion of
the spring.
Axis of
^ motion of
spring

Figure 5.3: Coaxial Displacement

A formula has been derived to calculate this;

Displacement =

(xi -y^f + (-^3 - X / - (x - X )^ - ih -^2? + {y2- y,f +

\i

2V(>’2->'i)^ + (-«2-xF
Equation 5.1

Where;
(xi , yi) and (X2 , y2) are the co-ordinates of any two points on the axis of motion of
the spring
(X3 , y3)

is the point whose displacement is being calculated

Displacement

is the coaxial displacement of point 3 relative to point 1.
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5.2.4

Calculation of Stiffness

The individual coil stiffness’ are calculated using polynomials. A graph of Force
versus Coil Displacement is drawn in Microsoft Excel [23] and a fourth order
polynomial is fitted to the curve. The equation of the polynomial is differentiated and
the stiffness can then be calculated. As a measure of accuracy the collective coil
stiffness is calculated and compared with the spring stiffness. The formula used is

---+—+

S

5.3

5,

5.

—

Equation 5.2

S„

Pushrod Stiffness

The pushrod stiffness was measured using a tensile testing machine and two digital
dial gauges. Figure 5.8 shows the apparatus used. The pushrod is held between plate
iron at the bottom and a machined bar at the top. Between the bar and the load cell, a
disc is placed to transfer the displacement to the dial gauges. A close up of this is
shown in Figure 5.9. The average displacement of the two dial gauges gives an
accurate result of the top of pushrod displacement. For forces up to 2000N the
displacements were up to approx. 0.12mm. But, the deflection measured by the tensile
test machine was approximately double that measured by the dial gauges. It is
possible this error comes from deflection across the load cell, or of the framework
supporting the load cell. This shows the importance of using the dial gauges if you
want to get accurate results. However, as explained again later in the results chapter, it
is possible that the plate iron beneath the pushrod deflected, introducing error into the
results. If so, it was most likely caused by small warpage of the plate; even as little as
0.05 to 0.1 mm warpage would make a big difference to the results.
Hysteresis and a large increase in stiffness with force were measured, and it is
uncertain if these properties are measurement error or not. However, the simulated
stiffness was within the measured stiffness range, towards the top of the range, so to a
certain extent the measurement did serve its purpose.
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Figure 5.8: Apparatus for Measuring Pushrod Stiffness

Figure 5.9: Disc Transfers Displacement of Top of Pushrod

It was disappointing that the possibility of errors introduced uncertainty into the
results. Nonetheless, it is a valuable lesson learned. Where large forces and small
displacements are being measured, it is important that there is no deflection between
the measuring points. A solution might be to use a load-free disc under the pushrod, to
transfer the displacement to the dial gauges, as the top disc does at the moment.
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5.4

Valvetrain Stiffness

Figure 5.10 shows a photo of the apparatus used to measure the valvetrain stiffness of
the exhaust valve, which is approximately equal in stiffness to the inlet valve. It is
relatively simple in composition. A lever is placed under the rocker, where the top of
the valve stem would usually sit. A piece of timber is placed under the lever to act as a
fulcrum. Weights are then hung from the free end of the lever, as seen in the photo.
The rocker to fulcrum length is measured parallel to the lever. This is because the
force the rocker is subjected to acts perpendicularly to the surface of the lever. The
weight to fulcrum length is measured horizontally. This is because the weight force
acts vertically.

Figure 5.10: Measurement of Valvetrain Stiffness

It should be observed that the axis of the lever is approximately parallel with an axis
through the center points of the roller and bushing. It could be argued that instead of
this arrangement the axis of the lever should be made perpendicular to the axis of
motion of the valve. However, the valvetrain stiffness changes as the valve is
displaced and the angle between the valve and rocker changes. It could be assumed
that the average angle between the rocker and valve will be approximately right
angles. And that is the reason for the above arrangement.
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A digital dial gauge was then placed to measure the perpendicular travel of the roller.
The force on the top of the valve stem during static rotation of the cam goes up to
1300N. For this force, you would need a total of approximately 30kg on the end of the
lever. Weights were added and the deflection for each weight recorded. Then the
weights were removed again and the deflections recorded. Each time the deflection
returned to zero verifying that the hydraulic follower had fully bled down. The results
can be seen in the results chapters, section 10.3.

5.5

Rocker Stiffness

A special apparatus was constructed to measure the rocker stiffness. The apparatus
can be seen in Figure 5.11. The tensile testing machine was used to apply a measured
force to the top of the roller and the deflection was measured using two digital dial
gauges.

Figure 5.11. Rocker Stinness Measuring Apparatus
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Chapter 6

Frequency Measurement

6.0

Frequency Measurement

6.1

Spring Frequency Measurements

6.1.1

Apparatus

The apparatus was designed to utilize a piezoelectric sensor to measure the frequency
of force fluctuations caused by a resonating spring. As seen in Figure 6.1, the spring is
held with both ends fixed. The piezoelectric sensor is then preloaded between the
fixture and the anti-vibration mount.

Antl-vIbratlon mount
(Cork/Foan)

Figure 6.1: Frequency Measuring Apparatus

See Figure 6.2. The change in force produced by the resonance produces a charge in
the sensor. This charge is then integrated and amplified using an integrating charge
amplifier. The voltage produced is proportional to the original force. The voltage is
read to the computer via a high-speed data acquisition device (DAQ). The signal is
sampled at 600kHz, and the batch length is 0.5Sec.
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Figure 6.2: Signal Acquisition

The spring is excited by gently striking it with a striking instrument. A Labview [22]
program has been written to save the signal to file. The program loops, until a suitable
signal is obtained. The user specifies frequency range and trigger amplitude.

6.1.2 Signal Analysis
The signal is analyzed using a second Labview [22] program. The program calculates
the frequency of highest amplitude at a user-defined number of points. The user also
specifies the number of samples to use. The program then writes to file the calculated
frequency and amplitude.
Figure 6.3 shows the result obtained for the S&S Cycle outer spring at 3mm
compression. The resonant frequency for this compression is 405Hz. It can be seen
that the frequency line remains relatively smooth in comparison to that shown in
Figure 6.4. The smooth line indicates i) an accurate value of resonant frequency, ii)
that a strong signal has been obtained, and iii) that little excitation is required to cause
the spring to resonate at this compression. While carrying out the experiment it was
noted that at certain compressions it was more difficult to trigger a signal, and the
triggering amplitude had to be reduced.
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Figure 6.3: Frequency Analysis, S&S Cycle outer spring, 3nini compression

Figure 6.4 is the frequency analysis results for the S&S Cycle spring at 9mm
compression. It was more difficult to strike a signal at this compression than it was at
3mm compression. This is evident in the graph from the lower amplitude, the faster
decay of the signal, and the form of the frequency line. It is difficult to deduce the
resonant frequency from this graph, as the frequency changes as the signal decays. All
that could be deduced is that the resonant frequency is somewhere between 415Hz
and 455Hz.

S&S Outer Valve Spring
9mm Compression, Test 1

400 *

c

300 ®

200 I

Figure 6.4: Frequency Analysis, S&S Cycle outer spring, 9mm compression
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In Appendix A the analysis graphs for the S&S Outer spring from 0mm to 10mm
deflection are displayed. The test was carried out at one-millimeter intervals as far as
30mm compression, and each test was repeated twice.
Explained above are the advantages of using the analysis. The reason for producing
the analysis is; if an FFT is calculated using all of the samples in the batch, the
frequency of highest amplitude will dominate the calculation. As a result, repeated
tests result in the FFT calculation giving different values of resonant frequency, and
the reason for this had to be investigated. The conclusion from the analysis was that
the repeated tests were relatively similar, but the frequency within each test rises
rapidly as the signal decays.

6.1.3 Resonant Frequency from Measured Stiffness
The resonant frequency of a spring can be calculated using the formula

=

T

2 \i m.

Equation 6.1

Where
Fres = Resonant Frequency
ka = Active Stiffness
ma = Active Mass

The Spring Stiffness vs. Deflection has been measured and using this value of
stiffness as the active stiffness the Active mass can be calculated. If the number of
active coils is known, then the active mass is simply the mass per coil times the
number of active coils.
nia = me Ha

Equation 6.2
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Where
rric = Mass per coil
Ha = Number of active coils

The number of active coils can be calculated from the conventional formula
n^.

Gd*
%k.D'

=

Equation 6.3

Where
d = Wire diameter
D = Coil diameter
G = Shear Modulus

By equating Equation 6.1, Equation 6.2 and Equation 6.3 the following equation is
obtained
Fres

= k

2D'
^ .4
V m .Gcl
Equation 6.4

6.2

Pushrod Frequency Measurements

6.2.1 Apparatus
Pushrod Resonant Frequency has been measured using similar apparatus and
methodologies as used in measuring the springs’ resonant frequencies. The apparatus
is constructed of a 50mm diameter round bar body, loading screw, piezoelectric
sensor and sensor mounting. The body is machined from 50mm diameter solid round
steel bar. There is a slot machined in the bar to place the pushrod in. The end is bored
and tapped for the loading screw. A specially machined mounting is used to hold the
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piezoelectric cell. This ensures that the cell is evenly loaded and not overloaded. The
round base of the mounting fits against the rounded end of the slot machined in the
body, and the pushrod sits on the countersink at the top of the mounting. Figure 6.5
shows the apparatus’ construction.

Loading Screw

Diameter 50mm Round Bar Body

Pushrod

Piezoelectric Loadcell
Mounting

Figure 6.5: Pushrod Frequency Measuring Apparatus

6.2.2 Signal Acquisition and Analysis
Signal acquisition and analysis is similar to that used for the springs. The two main
differences between the tests are; the frequencies being measured are far higher, and
care must be taken to ensure that the measured frequency is not the apparatus’
resonant frequency.
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Chapter 7

Spring Stiffness Programs

7.0
7.1
7.1.1
7.1.1.1

Spring Stiffness Programs
Open and Close Coiled Stiffness Program
Derivation of Formulae
Close Coiled Derivation

With reference to Hearn (1997:299) [2], in the derivation of the close coiled formula
used in the program it is assumed that the helix angle is negligible. The spring is
subject to a force W acting through the central axis of the spring. The force produces a
torque WR tending to twist the wire, a bending moment tending to reduce the
curvature of the coils and a shear force W. The bending and shear effects are found to
be negligible in comparison to the torsional effect.
Consider one half turn:

Close coiled helical spring subject to axial load W
(Hearn, 1997)

If one end of the half-coil twists an angle 0 relative to the other end then, from the
torsional theory;

TL

7tR(WR)
G
2WR'

2
7cr^

Gr'
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The deflection for one half coil is
6'

=

R0
2WR’
Gr*

Total Deflection

2n^'

=

4WR^n

Gr*
SWD^n
0(1“

Close coiled spring stiffness

=

~5

Gd*

Where

0

= angle of twist

T

= torque

L

= unwound wire length

G

= modulus of rigidity

W

= axial load

R

= spring coil radius

r

= spring wire radius

S'

= half-coil deflection

n

= number of active coils

D

= spring coil diameter

d

= spring wire diameter

S

= spring deflection

7.1.1.2

Open Coiled Derivation

Again with reference to Hearn (1997:301) [2], for the open coiled derivation the helix
angle is taken into account. Again, the shear force is considered negligible.
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t

w
r^. >

Vw
Open coiled helical spring
(Hearn, 1997)

The total strain energy, neglecting shear, is

U

=

M^L
2EI
2GJ
\2
L(WRCosaf
2GJ
LW^R^TCos^a
Cos^a
GJ

T^L

+

+

^WRSina)2EI
Sin^a
El

Equating with the work done by the force W gives

— w5 =
2

LW'R' Cos^a
---2
GJ

+

Sin^a
El

----

The unwound wire length equals
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L

=

27rRnSeca

This gives

1

Open coiled spring stiffness =
2n<7^'Seca

Cos^a
GJ

+

Sin^a
El

Where
U

= total strain energy

M

= bending moment

a

= helix angle

7.1.2

Explanation of Program

The following is an explanation of the labview [221 program “open coiled stiffness’’
[26]. The program was written to investigate how the spring stiffness is affected by
varying helix angle. The program calculates both the close coiled and open coiled
stiffness.
In the “input’’ window the user enters Youngs Modulus E, Modulus of Rigidity G,
spring wire diameter d, spring coil diameter D, and the coil information. The coil
information is entered in three parts; the top dead coil, the active coils, and the bottom
dead coil.
When entering data about the top dead coil, the “top coil number” is the total number
of turns from the start of the bottom dead coil to where the measurement is made.
Similarly, the “bottom coil number” is the fraction of a turn from the start of the
bottom dead coil to where the measurement is made. The “bottom wire thickness” is
the vertical distance between the top of the wire and the base of the spring. For
example, at coil number one the wire thickness equals the sum of the wire thickness at
coil number zero plus the wire diameter. The “top wire thickness,” similarly, is the
distance between the bottom of the wire and the top of the spring. For the active coils,
the “coil number” is the total number of turns from the start of the bottom dead coil to
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where the measurement is made. And, the “spring height” is the distance from the top
of the wire to the base of the spring.
The “points per coil” is the number of calculation elements per turn that the program
will use.
I have divided the block diagram into separate steps to help describe how the program
works.

Step 1
Irrespective of the number and position of measurements entered for each of the dead
coils the program splits each coil up into elements of equal length, with the number of
elements per coil equal to “points per coil”. It then linearly interpolates the vertical
height (from the top of the wire to the base of the spring) at each element. This is
achieved using a for loop which builds four arrays; one for each of the top and bottom
elemental coil numbers (total number of turns to the start of the bottom dead coil) and
another for each of the inteipolated wire vertical heights.

Step 2
A polynomial fit is used to calculate the vertical height of the active coils. Each coil is
split up into “points per coil” elements, as was done for the dead coils. First the
polynomial is fitted and then the coefficients are fed into a while loop. In the loop, the
vertical height is calculated from the coefficients. Also, the differential of the
polynomial is calculated which gives the slope of the wire and allows the helix angle
to be calculated. Three arrays are built in the loop; slope, vertical height (from the
base of the spring to the top of the wire), and coil number. Outside the loop, the helix
angle is then calculated from the slope. In the “output” window the vertical height of
both dead coils and the active coils, i.e. all the spring, is displayed for the user to
examine for faults.

Step 3
The elemental stiffness is calculated for the active coils using the open coiled formula
which takes into account helix angle. In the “coil info” window, graphs of elemental
stiffness, helix angle, coil gap, and deflection are displayed.
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Step 4
In the window “deflection” the user specifies the load by moving the slide “load”. The
deflected spring height is then displayed in a graph. The spring can be seen instantly
deflect as the load is adjusted. The elemental deflection is calculated by first dividing
the load by the elemental stiffness and then a for loop is used to compute the deflected
spring height taking into account spring binding.

Additional Step
To allow the user to examine the individual active coil behavior, an additional feature
of the program generates a graph of force vs. deflection at each of the inputted coil
numbers. In the window “deflection” the user can select either “run” or “capture”. If
“run” is selected the user can move the load slide and instantly see the change in
deflected spring height. If “capture” is selected, the graph of load vs. deflection is
generated. A for loop cycles the entire program twenty times, as the load is increased
from zero to the value displayed on the slide. The user then views the results in the
“coil deflections” window.

7.1.3

Results

For the S&S outer spring, the close coiled spring stiffness was calculated as
38.1N/mm and the open coiled stiffness as 38.0N/mm. The elemental stiffness varied
between 13684N/mm and 13670N/mm, which is approximately 0.1% variation in
stiffness across the spring. The helix angle varied between 6.8 degrees and 7.7
degrees. This spring could be considered as a parallel wound spring but a slight
difference in coil stiffness was measured which the program did not serve its purpose
to calculate.
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7.2
7.2.1

Wu and Hsu Stiffness Program [27]
Derivation of formulae

Based on work by Wu and Hsu (1998) [16] on conical springs the following formulas
are derived for cylindrical springs. Below is the co-ordinate system used by Wu and
Hsu (1998) [16].

The intrinsic coordinate system
(Wuand Hsu, 1998) [16]

The general helix is defined as

X(s) =

RCosp(s)i

+

RSinp(s)j

+

h(s)k

Where
P

- polar angle

h

= local helix height

s

= helical length

The tangent of the curve is the derivative with respect to the helical length s:

f(s) =

X'(s)

=

-p'RSinpT

+

p'RCosp]

+

h'ic

The unit tangent is

t =f(s)/T(s) =(l/P)[-p’RSinpi + P'RCosPj + h'k]
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Where

P =

The unit normal vector of the helical curve is perpendicular to its tangent and may be
represented by

n

=

-Cospi

SinPj

The unit vector b is perpendicular to T and n, so

t xn
h'Sinp i

h'CosPj

+

p’Rk

If a load W is applied along the central axis of the spring, then the moment at the
spring wire becomes

M

=

WRSinpT

-

WRCospj

The force W and moment M can be expressed in the T, n and b directions as

WtWg

=

=

W• t
W»b
=

=

W*n

= M.t
Mb

= WhVP

= 0

= -WR^PVP

=
M,

P'WR/P

=

WRhVP

M•n
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The strain energies from the above terms are

U.

u.

=

=

'

|w/ds

2EA

0
1.

1
2GA

|w;-ds
jM^'cls

U,

2GJ
I

U4

r

2EI B

T

jMg'ds
0

From Castigliano’s theorem, the deflection S is

5

=

dU

W

dW

Where

k

=
Cq

"I"

+

Cj

+

Cg

For a spring with constant helix angle a

h'

=

Sina

p,

_

Cosa
R

L

=

2;rRn
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This gives

C

=

C.

=

Sin^aL

EA
Cos^aL

GA

c„ =

R^Cos^aL
GJ

C.

R^Sin^aL
EL

=

From the above, it can be noted that coefficients Cc and Cd match the open coiled
formula.

7.2.2

Explanation of Program

The following is an explanation of the program “Wu Hsu stiffness” [27]. The input,
output, coil info, deflection and coil deflection windows are identical to those in the
program “open coiled stiffness” [26]. The only difference between the programs is the
method of calculation of the elemental stiffness, as described for the previous program
in step three. In this program the stiffness coefficients listed above are calculated for
each element and graphs are displayed in the “stiffness composition” window. The
elemental stiffness is then calculated as the inverse additive of the coefficients.

7.2.3

Results

For the S&S outer spring the Wu Hsu spring stiffness was calculated as 37.6N/mm,
in comparison to 38.1N/mm for the close coiled and 38.0N/mm for the open coiled
stiffness. The elemental stiffness varied between 13542N/mm and 13528N/mm,
which is approximately 0.1% variation in calculated stiffness across the spring.
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Chapter 8

Spring Dynamics Programs

8.0

Spring Dynamics Programs

8.1

Linear Model

In this model it is assumed that the acceleration varies linearly from a value of 0 at the
base of the spring to a value of A at the top of the spring. In Figure 8.1 the force
required to accelerate an infinitesimally small element is considered. The element is
located at a distance x from the base of the spring.

(lF=(lin(a)

•,i=4xX A

Figure 8.1: Linear Model, Acceleration of Infinitesimally Small Element

The acceleration of the element is given by a=Ax/X. The force required to accelerate
the element is given by dF = dm(a). The total dynamic force at the element, is the sum
of the infinitesimal forces below it, and can be calculated by integrating the value of
dF using the limits of zero and x, as shown in Equation 8.1.
F(x)=[clF
= [dmla)

X
mA [xdx

,
Equation 8.1

mA

X
F(x) =

mAx'

2X^
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Figure 8.2 shows the compression of an infinitesimally small element due to the force
F(x).

1
F(x)
(Ic

Figure 8.2: Linear Model, Infinitesimal Compression

The infinitesimal stiffness is given by dk = kx/dx.
The infinitesimal compression is then given by Equation 8.2. below.
dc =

F(x)
dk
F(x)
dx
xk
mAx'
dx
2X-\

Equation 8.2

Then, the total compression at, or deflection of the point, x is calculated by integrating
the infinitesimal compressions between the limits x and zero, as in Equation 8.3
c(x)= f dc
mA
2X’k

Equation 8.3

mAx’
6kX’
To get a feel for the above equations, the formulas have been evaluated in Microsoft
Excel [23] for the S&S outer valve spring and the S&S 640 cam. The maximum
acceleration at the top of the spring at 5500 engine RPM is 2368 m/sec~, the active
spring mass is 55g, and the spring stiffness is 36.5N/mm.
Figure 8.3 below shows the dynamic force at increasing height in the spring.
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Figure 8.4 below shows the displacement at each position in the spring due to the
dynamic force. It can be seen that the top of the spring is compressed 0.6mm, but half
way up the spring is only compressed 0.07mm. This emphasizes the additive nature of
the dynamic compressions.

However, it should be noted that this model is not completely accurate because it does
not simulate that the dynamic compression reduces the acceleration. And, also, it does
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not take into account the stored kinetic energy within the spring. It only simulates the
dynamic effect at one instant in time and does not consider the change in momentum
from previous time steps. One might consider this effect to be small in terms of the
magnitude of acceleration. But, one place that its effect is obvious is that it will not
simulate the transient wave present at zero valve lift, and so cannot simulate dynamic
instability either.
However, this simple model can give a useful analysis of the more complex lumped
parameter model explained later in this chapter. The lumped parameter model
assumes that the acceleration within each lumped mass is constant and this
assumption is used to evaluate the displacement of that coil. Consider the bottom coil
in the spring. In reality, the acceleration at the bottom of the coil is zero, and the
acceleration at the top is A. The lumped parameter model gives the entire coil a
constant acceleration of A, and the resulting dynamic compression is ma/k. By
evaluating Equation 8.3 we get a value of ma/6k. So, approximately, the lumped
parameter model over estimates the dynamic compression by a factor of six. It follows
that it must also overestimate the value of either lumped mass or acceleration by a
factor of approximately six!
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8.2

Spring Dynamics 6 Program

With reference to and acknowledging the mathematical model used in 4stHEAD [4J,
Figure 9.7, the following lumped parameter models of the outer valve spring, although
different from 4stHEAD [4j, are presented as a study aid when studying results for
4stHEAD [4].
8.2.1

Derivation of Formulae

Sum of forces about mass Mi;

k.C,

^2^2

^1^1 Equation 8.4

Where

C2

=

L2

—

(x2

X,)Equation 8.5

—

Subbing Equation 8.5 into Equation 8.4 gives

m.a,

=

k.L,

- k,x,

+

k-x.

- kL
2

2

+

k2X2

- k x,
2

Equation 8.6
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Then from the classical formula
=

S

Ut

—at Equation 8.7

-i-

We get

L(| I)

(2,1)

—

^(l.l)^

^1^1

l^l^O

^2^2

1^2X2

1^2^l]

2m

Equation 8.8
X,24

-

X(,J

y,jt

=

+

k2X2

-

+

-

k2X|

k^L,

+

k3X3

-

k3X2]

Equation 8.9

^(2,3)

^(1.3)

~

%1,3)^

^

[^3^3

1^3^3

^3^2

1^41^4

■*■

1^4^4

^4^3.

2m3
Equation 8.10

Rearranging gives

k,t

1

21

^( . )

+

k2t‘

——

+

+

^

2m,

1^

X (2 . 2 )

2m,

Equation 8.11

2

^(i.i)^

^(i.i)

[^1^1

^2^2]

2 m,

k.t'"
^(2.1)

2m2

%I.2)^

k^t'

r,

^(2.2)
t^

^(1.1)

+

1

k3t'l
+

2m2
[^2^2

~

2m2

r

+

^(2.3)

k3t'i
2m2

Equation 8.12

^.3^.3]

zm.

^(2.2)

V(..3)t

Ml
2m3
+

+

X (1.3)

Xf, ■3) 1

+

2m 3

[k,L,

Ml
2m 3

k4t‘
2m3
^4^4]

Equation 8.13
+

k4X(2.4)t
2m3
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And in matrix form
,2
, k,t
kJ'
1 + -^+ ^
2m, 2m,
k/

2m-

_ k/

0

2m,
kj^
k3r^
1 + ------- h
2m2
2m2
k/

k/
^(2.2)

2m2

0

\v + ^(1,2) +

0
>‘(2.4)k4t'

L^(i.3)J

2m2

+

1+

2n^

2m3

“

21

^( , )

k/

2 3)

^( ,

2m 3

_

2

:^(k,L,-k24)
2m,
2
+ ^(k,L,-k,L,) Equation 8.14
2m2

^(k,L,-k,i.J
2m,

Where
k

= spring stiffness

C

= spring compression

L

= spring free length

m

= mass

a

= acceleration

^(1.2)

= vertical height at time step 1 and lumped mass 2

V(i,2)

= velocity at time step 1 and lumped mass 2

s

= distance

u

= initial velocity

t

= time for one step
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8.2.2

Explanation of Program

The following is an explanation of the Labview [22J program “Spring Dynamics 6”. I
have split up the operation of the program into a number of steps to make it easier to
describe.

Step 1
On the front panel the user specifies the file path for the measured valve lift data file.
The file that is specified should be in a “measured valve lift data” format as used for
input data in the 4stHEAD [4] software. This file format has 14 lines of text at the
beginning of the file which is truncated, and the following seven hundred and twenty
lines are read. Usually only about three hundred and sixty lines of data are present, so
fifty lines of zeroes are added to the beginning of the array, and the array is converted
into meters. Then, using a FOR loop, zeroes are added to the end of the array to
increase its size to seven hundred and twenty points. This gives one data point for
each degree rotation of the crankshaft. The default units are mm and if this needs to be
changed it can be done so from the block diagram by selecting either meters or inches
instead of mm as the selector terminal to the case structure.

Step 2
The sub-vi “LAV.vi” is used to smooth the data. A moving polynomial of forty points
and third order is fitted to the data. The number of points and the order of the
polynomial are input parameters to the sub-vi and can be changed on the block
diagram.

Description of sub-vi “LAV.vi”
This sub-vi calculates a moving polynomial to smooth the data. The polynomial is
differentiated once to calculate the velocity and differentiated twice to calculate the
acceleration. The input parameters to the sub-vi are crank/cam, engine speed, LAV,
lift, number of points, polynomial order. Crank/cam is either specified as crank(O) or
cam(l). Engine speed must be entered in either rpm crank or rpm cam as specified
above. LVA must be specified as either lift(O), velocity(l), or acceleration(2),
depending on which is to be calculated. “Liff ’ is entered as either one data point per
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degree cam or crank as specified above and the units must be in meters. “No. of
points” specifies how many data points to use when calculating the moving
polynomial. The parameter “polynomial order” can be specified up to order six. The
output parameters LAV and x-values are dependant on the input parameters as
described above.

Step 3
The step time is calculated. It is equal to the time per degree rotation of the crank.

Step 4
The input matrix and known vector are calculated for use in the linear equations
solver to solve the matrices as derived above in Equation 8.14. Using the sub-vi “4e
matrix coefficients, 6” constants are calculated for use in building the matrices. The
parameters coil stiffness k, coil free length L, coil mass m, and step time t are inputted
to the sub-vi. The sub-vi then calculates the matrix elements, a total of fourteen, and
builds the output arrays. The outputted “solver input matrix” is the array on the right
hand side of the equals sign in Equation 8.14 and is inputted to the solver as the input
matrix. The outputted “constants” array is the array furthest most to the right in
Equation 8.14 and when added to the rest of the matrices on the right hand side of the
equals sign forms the known vector for the solver.

Step 5
The matrices are solved using the linear equations solver.

Step 6
The velocity matrix for use in the following time step is calculated. It is calculated
using the formula v = u + at. The acceleration is calculated using the “sum of forces
about mass” equation as derived above, after subbing in the values for L and x. That is
Equation 8.6

Step 7
The graphs x-axis arrays are built using two FOR loops.
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Step 8

The resulting coils lift is graphed for the user to view.

8.3

Spring Dynamics 7 Program

8.3.1

Explanation of Program

The following is a description of the Labview [22] program “Spring Dynamics 7.vi’’
[29]. Again, I have split up the operation of the program into a number of steps to
make it easier to describe. The program is simular in ways to “Spring Dynamics 6.vi“
[28] in that both programs use a lumped parameter calculation basis. Steps one to
three are identical to those already written for the explanation of the program “Spring
Dynamics 6.vi’’, so if you have already read these steps you can now skip to step four.

Step I

On the front panel the user specifies the file path for the measured valve lift data file.
The file that is specified should be in a “measured valve lift data” format as used for
input data in the 4stHEAD [4] software. This file format has 14 lines of text at the
beginning of the file which is truncated, and the following seven hundred and twenty
lines are read. Usually only about three hundred and sixty lines of data are present, so
fifty lines of zeroes are added to the beginning of the array, and the array is converted
into meters. Then, using a FOR loop, zeroes are added to the end of the array to
increase its size to seven hundred and twenty points. This gives one data point for
each degree rotation of the crankshaft. The default units are mm and if this needs to be
changed it can be done so from the block diagram by selecting either meters or inches
instead of mm as the selector terminal to the case structure.

Step 2

The sub-vi “LAV.vi” is used to smooth the data. A moving polynomial of forty points
and third order is fitted to the data. The number of points and the order of the
polynomial are input parameters to the sub-vi and can be changed on the block
diagram.
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Description of sub-vi “LAV.vi”
This sub-vi calculates a moving polynomial to smooth the data. The polynomial is
differentiated once to calculate the velocity and differentiated twice to calculate the
acceleration. The input parameters to the sub-vi are crank/cam, engine speed, LAV,
lift, number of points, polynomial order. Crank/cam is either specified as crank(O) or
cam(l). Engine speed must be entered in either rpm crank or rpm cam as specified
above. LVA must be specified as either lift(O), velocity(l), or acceleration(2),
depending on which is to be calculated. “Liff ’ is entered as either one data point per
degree cam or crank as specified above and the units must be in meters. “No of
points” specifies how many data points to use when calculating the moving
polynomial. The parameter “polynomial order” can be specified up to order six. The
output parameters LAV and x-values are dependant on the input parameters as
described above.

Step 3
The step time is calculated. It is equal to the time per degree rotation of the crank.

Step 4
The graphs x-axis arrays are built using two FOR loops.

Step 5
Three arrays are built for the lumped mass, stiffness and free length. The number of
elements per coil, and the mass, stiffness, and free length of each coil are entered in
the front panel. From this the lumped stiffness in each coil is calculated by
multiplying the coil mass by the number of elements per coil. The lumped free length
and lumped mass are calculated by dividing each by the number of elements per coil.
The lumped arrays are then built using a FOR loop. The arrays contain one element
for each lumped mass.

Step 6
The x-mult, constants and input arrays are built. From Equation 8.14, x-mult is the
array second from the right, the constants array is the array furthest to the right and
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the input array is the array furthest to the left. The input array is also the input array to
the linear equations solver.
For the input array, three case structures are used to build the array. As the number of
elements per coil is increased it is obvious that a pattern forms on the diagonal line of
elements and one line above and below and that the rest of the elements are zero.

Step 6a
A FOR loop cycles for each element within the row as the outer loop cycles
successive rows. The top case structure calculates the diagonal elements, where the
case selector is true if the row number equals the column number. If true a formula
calculates the value of the element and if false a value of zero is given. The middle
case structure calculates the line above the diagonal line, where the row index is one
higher than the column index. Again, where the case selector is true a formula
calculates the value of the element and if false a zero is given. And finally, the bottom
case structure calculates the line below the diagonal.

Step 6b
A formula is used to calculate each element of the constants array as the outer loop
cycles, and the elements are built to the array carried forward in the shift register.

Step 6c
The x-mult array contains only one non-zero element, at the end of the array. So,
using a case structure, when the case is true during the last cycle of the outer FOR
loop, it calculates the non-zero element. Otherwise, for the false case, a zero is built to
the array.

Step 7
The acceleration array and the initialising displacement (x), and velocity matrices are
built. The acceleration arrays are derived from Equation 8.6 and have the form
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The acceleration matrix is the one furthest to the left. It can be seen the first column is
non-zero. Then, if you exclude the first column, in the remaining matrix the diagonal
line and the line above and below the diagonal line are non-zero also. So, using a
similar method to that used in step 6a, case structures are used in building the
acceleration array.

Step 7a
The acceleration matrix’ first column elements are calculated using a formula.

Step 7b
Using a FOR loop and three case structures the rest of the row elements are built. If
the case selector is false, a zero element is built and if the case selector is true a
formula is used to calculate the value of the element. For the diagonal line of the
matrix (after removing the first column) the top case stmcture is true. For the line
above the diagonal line the middle case structure is true. And, for the line below the
diagonal line the bottom case structure is true.

Step 7c
The initial velocity matrix, a zero matrix, is built. This is necessary because the linear
equations solver will not accept an empty matrix.

Step 7d
The initial displacement (x) matrix is built. This calculates the vertical height of the
element when the spring is stationary.

Step 8
If it is the first cycle of the program, or if the array sizes change then the initial arrays,
as calculated in steps 7c and 7d, have to be fed to the linear equations solver. The
array sizes change when the number of elements per coil changes. If the new array
sizes are not updated then the solver will not calculate for the new number of elements
per coil. When the array sizes are unchanged, the velocity and displacement from the
previous time step are used through a shift register.
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Step 9
The coefficient matrices are added and the matrices are fed into the linear equations
solver. The solution x matrix is then fed into a shift register for use in the following
iteration as described in step 8. The velocity at the end of the time step is calculated
using the acceleration matrix and the solution velocity matrix is fed into a shift
register for use in the following iteration. The displacement of the top of each coil is
extracted from the solution x matrix and an array is built for use in the graph.

Step 9a
All the matrices on the left hand side of the equals sign in Equation 8.14 are added
together to form the known vector for use in the linear equations solver.

Step 9b
The velocity at the end of the time step is calculated from the classical formula
V = u + at. The dot product function in Labview [22] only works for single row
matrices, so each row of the multiplication of Equation 8.15 has to be carried out
individually using a FOR loop. In Equation 8.15, the matrix to the immediate left of
the equals sign is the single row matrix entering the FOR loop from the side. And, the
matrix entering below that is the matrix to the far left of the equals sign. Each row of
the matrix is then multiplied out in turn in the FOR loop, and the solution matrix is
built. The solution matrix is the matrix to the left hand side of the equals sign in
Equation 8.15. The solution matrix is divided by the mass matrix to get the
acceleration of each element, and from there the velocity is easy to calculate.

Step 9c
The solution x array from the linear equations solver contains the displacement of all
the lumped masses. For comparison purposes, it is necessary to extract the
displacement of the top of each coil. This is simple to do using a FOR loop and by
indexing the array.

Step 10
The results are graphed
89

8.3.2

Validation of Program

To help validate the program some of the solution matrices were calculated using a
hand calculator for sample input values. Then the hand calculated values could be
compared to those in the Labview [22] program.
The sample values were chosen so that there was a large variation in parameters
across the lumped masses. Four coils were used and two elements per coil. The four
masses were first chosen. Then the stiffness and free length of the first coil were
chosen, and the remaining values were calculated to ensure the mass to stiffness ratios
were maintained.

The sample inputs are
m

0.017

0.024

0.031

0.036

k

165000

116875

90484

77917

L

0.012

0.0169

0.0219

0.0254

Table 8.1: Sample input valves

Engine speed 6000RPM

From this the step time and elemental values are calculated
1

2

3

4

5

6

7

8

m

0.0085

0.0085

0.012

0.012

0.0155

0.0155

0.018

0.018

k

300000

300000

233750

233750

180968

180968

155834

155834

L

0.006

0.006

0.00845

0.00845

0.01095

0.01095

0.0127

0.0127

Table 8.2: Elemental arrays

Step time 2.77778E-05
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The input matrix is calculated as
1.02996

-0.01498

0

0

0

0

0

-0.01498

1.02559

-0.01061

0

0

0

0

0

-0.007515

1.01503

-0.007515

0

0

0

0

0

-0.007515

1.01333

-0.005818

0

0

0

0

0

0.004504

1.009009

-0.004504

0

0

0

0

0

-0.004504

1.008383

-0.003879

0

0

0

0

0

-0.003340

1.006680

Table 8.3: Input matrix

And the acceleration coefficients array is
0

-660000

330000

0

0

0

0

0

0

4.183

330000

-563750

233750

0

0

0

0

0

0

0

233750

-467500

233750

0

0

0

0

6.412

0

0

233750

-414718

180968

0

0

0

0

0

0

0

0

-361936

180968

0

0

2.508

0

0

0

0

0

-336802

155834

0

0

0

0

0

0

0

155834

-311668

155834

-

Table 8.4: Acceleration coefficients array

And the constants array is
0

2.18E-07

0

-2.06E-07

0

6.24E-08

0

Table 8.5: Constants array

The non-zero element of the x-mult array is 0.00334. Then, to check that the correct
coil displacements were extracted from the solution displacement array, a speed of
IRPM was entered. Then for different numbers of elements per coil, the coil
displacements were compared to see if any changes were noticed. At the beginning
some changes were noticed but that was quickly resolved and now there is no change.
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8.3.3

Convergence of Program

The convergence of the program was investigated with the input data for the S&S
outer valve spring. The input data was as in Table 8.6 below, and 6000RPM, 10
iterations and preload 0.046. All units for program inputs are standard units. The
valve lift input data was for the 640 S&S cam. The stiffness values are those
measured optically as explained in chapter 5. The stiffness was read from Figure 11.1
at 12mm deflection.
k

157000

149000

143000

136000

m

0.0153

0.0153

0.01.53

0.0153

L

0.013

0.013

0.013

0.013

Table 8.6: S&S out spring input values

The mass was calculated for one coil by calculating the volume and multiplying by
the density. A density of 7800kg/m'^ was used, and the volume was calculated as in
Equation 8.16 below

One Coil Volume

(7iD)(7cr^)

71(0.0387-0.00485)71

f 0.00485^

Equation 8.16

1.96E-06

The coil geometry is accurately entered into the input window of the Labview [22]
program “Open Coil Stiffness” and the coil free lengths were read from there. Figure
8.5 shows the simulated results as would be graphed on the front panel.
The peak of the valve lift profile is at 240 degrees. Convergence was investigated at
140, 240 and 340 degrees, and for each of the coils and for 1, 2, 4, 6, 10 and 50
elements.
For convergence with iteration number, graphs of simular appearance were obtained
for varying degrees and coil number. The appearance was simular also for the number
of elements between two and fifty, but the appearance was different for the number of
elements equal to one. Figure 8.6 shows the convergence for coil number three at two
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hundred and forty degrees and for one and fifty elements. It can be seen that
convergence is good after only approximately six iterations.
Simulated Coil Lift
640 Cam,6000RPM

- Coil 1
- Coil 2
• Coil 3
- Valve Lift

Figure 8.5: Sample Simulated Results

Convergence with iteration Number
Coil 3, 240 Degrees

■One Element
•Fifty Elements

0123456739

10

Itteration Number

Figure 8.6: Convergence with Iteration Number
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Below, in Figure 8.7, is a graph showing convergence with varying number of
elements. It is for coil two at one hundred and forty degrees. It can be seen that the
number of elements, or lumped masses, vary between one and fifty per coil. It can be
concluded from the graph that convergence error is close to zero using ten elements.
But also, using only two elements the solution has an error of only approximately
0.08mm. Using only one element the error is approximately 0.25mm. This was the
largest error measured across the varying degrees and coil numbers. Before writing
the program large errors associated with using a small number of elements were
expected. But, after writing the program it can be seen that the errors are reasonably
small.
Convergence with Number of Elements
Coil 2,140 Degrees

Number o< Elements

Figure 8.7: Convergence with Number of Elements

From Figure 8.5 it can be seen that coil two crosses zero displacement (the x-axis) at
approximately four hundred and thirty five degrees. As a further study, the
convergence of this crossing point was measured. Below, in Figure 8.8 is a graph
showing the convergence of the crossing point with varying number of elements.
There is an irregularity in the graph, but it can be seen that once more convergence
error is approximately zero using ten elements. Also, the error associated with one
element is only approximately 0.2 degrees.
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Convergence with Number of Elements
Coil 2, First Crossing Point

Number of Elements

Figure 8.8; Crossing Point Convergence

8.4

Spring Dynamics 7a Program [30]

Spring Dynamics 7a [30] is a continuation, or updated version, of Spring Dynamics 7
[29]. Steps one to ten in the explanation of Spring Dynamics 7 [29] still apply here,
but with the amendment of step 7d and the addition of steps 11 and 12.

Step 7d
The initial coil displacement x is calculated more accurately, taking into account the
variation in individual coil stiffness and free length.

Step 11
Files saved from the program Signal Analysis a .vi can be opened for comparative
purposes. The file contains data on the high speed camera coil lift and the 4stHEAD
[4] coil lift. Using a scroll down menu on the front panel either can be selected and
graphed for comparison with the simulation results.
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Step 12

The static valve lift differs from the dynamic valve lift, measured using the high speed
camera. So, the user is now given an option to use the high speed camera valve lift
instead of the static valve lift for input to the simulation.
With reference to the block diagram, the signal analysis a .vi output file is opened and
the high speed camera valve lift is extracted from the file. Next it is necessary to
convert the crank angle to one degree increments and interpolate the lift at each
degree. The crank angle and lift arrays are fed into a FOR loop. The loop cycles once
per degree. Within the loop a while loop is used to extract ten points at a time, five
points above and five points below the angle. A polynomial is then fit to the points.
The polynomial coefficients are fed to a formula to interpolate the lift at that angle.

Additional Changes
A

In the original version the valve lift was graphed for the user to examine the dynamic
displacement of each coil within the spring. Now, in the newer version, the user can
select to graph either lift, velocity, or acceleration from the scroll down menu
‘Graph’.

B
From the scroll down menu ‘Align’ the user must select either ‘hydraulic’ or ‘solid’.
These refer to the type of follower used in the 4stHEAD [4] simulation. The reason
for this is that in the older version of 4stHEAD [4], which had a solid follower, the
spring was split up into three lumped masses. In the newer version of 4stHEAD [4],
which has a hydraulic follower, the spring is split up into four lumped masses. Hence,
for the dynamic lift file to open correctly and the graphs to display properly the
correct option must be chosen form the scroll down menu.

From the scroll down menu ‘Read’ the user must select either ‘HSC 3 Coils,’
‘4stHEAD 3 Coils,’ ‘HSC 4 Coils,’ or ‘4stHEAD 4 Coils’. The older version of
4stHEAD had three lumped masses, and so also displayed the displacement of three
96

coils. And similarly the newer version of 4stHEAD [4] displays the displacement of 4
coils. That’s what ‘3 Coils’ and ‘4 Coils’ refer to. The option HSC refers to the
measured High Speed Camera data and the option 4stHEAD refers, obviously, to the
dynamically simulated coil displacement from 4stHEAD [4].

D
From the scroll down menu ‘Valve Lift’ the user must select either ‘Measured Lift,’
‘HSC Lift 3 Coils,’ ‘HSC Lift 4 Coils,’ or ‘4stHEAD 3 Coils’. By making this
selection the user specifies which valve lift profile to use as input data to the
simulation. The author thinks it should be obvious what each of the selections refer to.
The user isn’t given the option ‘4stHEAD 4 Coils’, as the HSC Lift options preceded
the 4stHEAD Lift option and should be at least as accurate as a simulation input.

E
The individual coil stiffness and free lengths are entered as before. But, the spring
mass is divided equally between the elements. The reason for this is that if the
individual coil masses are specified, then as the number of elements per coil increase,
so too will the fraction of the last coil mass being simulated, thus increasing the mass
of the entire model. For example, if four coils and one element per coil is used, then
there will be three lumped masses connected by four springs. So, none of the mass of
the fourth coil will be used in the simulation. For two elements per coil, there would
be seven lumped masses connected by eight springs. So, half of the mass of the fourth
coil would be used in the simulation, and so on.

One of the most significant changes that were made is that component damping was
added into the model. For this. Equation 8.4 was changed to Equation 8.16 listed
below. And, Equation 8.14 was changed to Equation 8.17.
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Chapter 9

4stHEAD [4] Simulation Program

9.0 4stHead Simulation Program
9.1

Deducing Valve Lift

Program 6 in the 4stHead suite is “Deduce the valve lift profile (gpb v2 method) from
measured valve lift”. It is used to mathematically fit a curve to the measured valve lift
data and to create an output file of valve lift data for use in program 10, in the
valvetrain dynamic analysis. A description of how to use the program is given in the
help files, so I will not give a full description of how I used the program. Instead, I
will point out some of the steps I took when using the program. Below in Figure 9.1 is
a display window from the program. It allows the user to drag the dots to fit the
calculated valve acceleration to the measured valve acceleration. The measured
acceleration is in blue and the calculated acceleration is in red. The measured data is
smoothed. It can be seen that there is a spike at the beginning and end of the
calculated acceleration that is not present in the smoothed measured acceleration.
O

Figure 9.1: 4stHead Smoothed Valve Acceleration, S&S 640 Cam

If the acceleration is calculated without first smoothing the data, then the measured
acceleration changes to that displayed in Figure 9.2 where it can be seen that the
spikes at the beginning and end of the graph are present for the measured acceleration
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also. Although the smoothing gets rid of these spikes, they are necessary for an
accurate fit of the calculated valve lift.

The effect of having the spikes at the beginning and end of the acceleration graph can
be seen in an accurate fit of the valve velocity. That is in particular, in the fitting of
the small ramps at the beginning and end of the velocity profile. The velocity display
window can be seen in Figure 9.3
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As an example. Figure 9.4 below shows the lift-duration data for the 640 S&S cam.
To open the data from file, search for the file ‘640 no2.VALVE LIFT DESIGN (GPB
V2) INPUT.GBT’ in the CD accompanying this thesis. The measured valve lift can be
found in the file ‘640.measured valve lift data.mvf

valve lift design by a gpb interpolation approach on an acceleration diagram
Thr» nni-mnrf r.^^nnf^ anri flan>---i nf t-htr valvp

•hg nlnj^inn rwnin^ wnri

lift.

OL acceleration (0 nim/deg2| .location (0 deg)

fg

fg

1L acceleration

|.gg7313

[3

i-.g02862

fz

|.gg2573

|5

(mm/deg2) duration D1L |0 deg)
2L acceleration (mm/deg2).duration D2L (deg)
3L acceleration (mm/deg2).duration D3L (deg)
4L acceleration (mm/deg2) duration D4L (deg)
5L acceleration (mm/deg2).duration D5L (deg)
6L acceleration (mm/deg2).duration D6L (deg)
7L acceleration (mm/deg2) duration D7L (deg)
8L acceleration (mm/deg2).duration D8L (deg)
9L acceleration (mm/deg2) duration D9L (deg)
10L acceleration (mm/deg2) .duration D10L (deg)
11L acceleration (mm/deg2) .duration D11L (deg)
12 acceleration (mm/deg2) .duration D12L (deg)

|.gOS473
|.gg6701

fs

(.006895

|3

[jOOSS^

(2

1.005279

Is

(-.000064

(TT~

(-.00477

[i

(-.007979

|28

(-.008036

() 3

nf r.hr vfllv^

OR acceleration (0 mm/deg2) .location (0 deg)
IR acceleration (mn)/deg2) .duration DIR (deg)
2R acceleration (mm/deg2) .duration 02R (deg)
3R acceleration (mm/deg2) .duration D3R (deg)
4R acceleration )n)m/deg2) .duration D4R (deg)
5R acceleration (nim/deg2) .duration D5R (deg)
6R acceleration (mm/deg2) .duration D6R (deg)
7R acceleration (mni/deg2) .duration D7R (deg)
8R acceleration (mm/deg2) .duration D8R (deg)
9R acceleration (mm/deg2) duration D9R (deg)
10R acceleration (mm/deg2) .duration 01 OR (deg)
11R acceleration (min/deg2) duration D11R (deg)
12 acceleration (mm/deg2) .duration D12R (deg)

lifr.

(0
(.017616
(-.003657
(.001579
(.003574
(.004479
(.005479
(.005715
1.004847
(.000002
I7o067TT ~
(-.009979
(-.008036

fo

f2“
rr
15
16
i2
18
!6

IT”
nr
ill
rrr

Figure 9.4: 4stHEAD Lift-Duration Data, S&S 640 cam

To get the total calculated valve lift the same as the total measured valve lift, fine
adjustment of the acceleration profile can be made by typing in different values of
acceleration of point 12 before pressing calculate.
Again, for the 640 cam, errors of less than ten percent and less than 0.08mm were
present between the measured and calculated valve lift. High percentage errors, up to
10%, were present at the beginning and end of the valve lift, where the absolute error
was small. Over the rest of the profile, where the valve lift was greater, the percentage
error was up to approximately 3%. The percentage error and absolute error in mm can
be seen graphically in Figures 9.5 and 9.6.
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Etror

on calculalod \Mtvo lift vort mnaund valuo [CLICK MOUSC onywiwte within tlw WM)OW to conlinuo]

Error (mm) on calculotcd vdive lilt wrt modsurcd value [CLICK MOUSE anywhere within the WINDOW lo continue]

Figure 9.6: 4stHEAD Measured to Deduced Error in mm, S&S 640 Cam
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9.2

Valvetrain Dynamic Analysis

Program 10 in the 4stHEAD suite is ‘Valvetrain Dynamic Analysis (coil or gas
springs for all followers)’. It utilizes a lumped parameter model to simulate the
dynamic performance of the valvetrain. Figure 9.7 shows the model used for a
pushrod follower valvetrain, as used in the S&S engine. It can be seen in the figure
that the model has the ability to simulate component separation and component
bounce.

malhemdlical computer model .... click mouse in window to return .

Figure 9.7: 4stHEAD Mathematical Model for Dynamic Analysis

The input data for the S&S valvetrain can be found by searching for the file named
‘640NO2.PUSHROD VALVETRAIN INPUT.CSf. The static valve lift design output
file is named ‘640 N02.VALVE LIFT DESIGN OUTPUT.svf. The valve tappet
clearance is set to 0mm because hydraulic followers are used. The valvetrain input
data is entered in six separate windows. The first window is for the valve and head
data. The valve and head window, with the S&S input data entered, can be seen in
Figure 9.8. The measurements were made using a digital vernier calipers. The angle
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was measured by measuring the length of the opposite and adjacent sides of the
triangle and calculating the inverse tangent to find the angle. The radii were measured
by comparison with cylinders of varying diameter. The value of Rvf was finely
adjusted to get the calculated mass to match the measured mass.

input ddid pdge for vdive and head data
Edit the data in the data fields and then

select the data' and then 'return to main data page'

lengh of valve stem Lsll (mm)
lengti of valve stem Lst2 (mm)
valve head thickness Tvh (mm)
diameter of valve stem Dsti (mm)
diameter of valve stem Dst2 (mm)
valve head outer seat diameter Dos (mm)
valve head inner seat diameter Dis (mm)
angle at back of valve Avh (deg)
stem to valve blend radius Rvh (mm)
radius of vaK'e face dimple Fivf (mm)
width of valve face dimple Wvf (mm)
valve stem internal damping Dst (Ns/mm)

190
IzT.!

13.4
17.9
17.8
150.8
[46l
131
120
133
|41
|0.4

imiQul data for the nniiner. valve

POPPET VALVE DIMENSIONS
© Prof Blair a Associates 2003

[TTsTi

calculated mass of valve Mv (g)
stiffness of valve stem Kst (N/mm)
stiffness of valve head Kh (N/mm)

1111223
163124

valve seat stiffness Kvs (kN/mm)
valve seat bounce damping Ovs (Ns/mm)

|l901
11.875

Poppet valve: select only designated materials

I (poppet valve) steel

T]

Cylinder head: select only designated materials

||cylindeij SI-AI cast aluminium

T]

Valve seat: select only designated materials

Itvalve seat) beryllium copper
Valve seat angle: select only designated angles

|valve seat angle at 4S deg

d

select this input data set
return to the main data page

Figure 9.8: 4stHEAD Input Data for Valve and Head, S&S Engine

The second window is in two parts, and is for the basic valvetrain data. The first part
is used to calculate the camshaft stiffness, and then the calculated value can be entered
in the second window. The camshaft data input window is shown in Figure 9.9. The
camshaft was measured using a digital vernier calipers. In the diagram the bearings
are shown with the same diameter and width. The S&S cam has two bearings of
different size. The bearings had diameters of 25.3mm and 20.6mm and widths of
25.2mm and 16.3mm respectively. Average values to the nearest millimeter were used
as input data. The camshaft also has a gear machined on it, which would increase the
stiffness of the shaft slightly. It was decided to neglect the effect of the gear, and the
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fact that there are four lobes instead of two, and entered the diameter measured
between the lobes as input data.

input data page for basic camshaft data
Edit the data it» the data fields and then 'select the data' and then ' return to main data page'.

CAMSHAFT
BACKING
MATERIAL

Lb

CAMSHAFT
MATERIAL

Db

iSk
Wb

CAMSHAFT INPUT DATA

© Prof Bar 8 Associates 2007

DEFLECTION, dX
OF RELEVANT
CAM LOBE

9 81’Z

i
X2

XI

CAMSHAFT AND
BEARINGS IN SITU

i

)

1

typical maximum cam-tappet iorce Fmax (N|

18000

length between bearing centres Lb |mm|

lios

length to cam lobe centre Lc |mm|

[56

width of bearings Wb |mm|

|21

diameter of bearings Ob (mm)

|23

outer diameter of camshaft Do |mm)

123

inner diameter of camshaft Di |mm|

io

effective camshaft stiffness Kc (N/mm)

[73146

effective camshaft mass Me (g)

1318

XI

MEASURING CAMSHAFT STIFFNESS

Select here the ceunahaft material . . .

"3

|(cam) steel
Select here the camshaft backing material
{(cytinder) Si Al cast aluminium

3

select this input data set
return to the main data page

Figure 9.9: 4stHead Cam-shaft Data Input Window, S&S Engine

Figure 9.10 shows the basic input data for the valvetrain. The masses were measured
using a digital scales. The camshaft stiffness and effective mass were brought forward
from the previous window. The default values of damping were used. The cam base
circle radius was measured using a micrometer, and verified using a digital calipers.
The next window, under button three, is for the pushrod follower geometry data and
was found to be difficult to measure. The data can be seen in Figure 9.11. It was
measured with a long range vernier calipers. The measurements were made relative to
the axis of motion of the piston. The head, the piston bore, and the crankcase were
measured separately and the results were drawn in AutoCAD. The entire drawing was
then rotated until the axis of motion of the valve was coaxial with the vertical axis, as
is required in the input window. The tappet angle and offset were particularly difficult
to measure. Eventually, the offset was determined to be zero, and the angle was
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B

put datd page for basic valvetrain data

Edit the data in the data fields and then 'select the data’ and then 'return to main data page'.

The reconoDendation from the camshaft input data sub-program is that . . .
The effective camshaft stiffness at the lobe Kc (N/mb) Is 73146
be effective camshaft mass vibrating at the lobe Rc (g) is 318
It is your decision whether to insect this data into the edit fields, or to
insert data of your own choosing, from measurements, or some FEH source ....

(FINGER OR ROCKER)
(CAMSIWT) VALVETRAIN \
"STIFFNESS. K

BEYOND HERE ARE THE
MASSES. INERTIAS. AND
THE GEOMETRY OF THE
FINGER. ROCKER OR
PUSHROp^FOLLOWERS
irtntir
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[2^2

valve guide damping Dv |Ns/mm|
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lo.oi
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cam base circle radius ber |mm|

|2
124^4

camshaft stiffness between bearings Kc (N/mm)
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camshaft mass between bearings Me (g)
camshaft damping between bearings Del (Ns/mm|

fJTi
[0^02

Select a single cam speed or a baccb computation .

[compute with tt>e ahove-specifled camshaft speed |fpin|

DIRECT ACTING FOLLOWERS
FU\T (BUCKET) OR ROLLER
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INDIRECT ACTING FOLLOWERS
ROCKER. FINGER OR PUSHROD

© Prot Blaw & Associates 2002

select this input data set
return to the main data page

Figure 9.10: 4stHEAD Basic Valvetrain Input Data Window, S&S Engine

puthrod follower data in cartesian cosrdinatei
Edit the data in the data fields and then 'select the data'

and then 'return to

PUSHROD GEOMETRY INPUT DATA

X coordinate of cam centre Xc (mm)

ri3T.6

y coordinate of cam centre Yc (mm)

[337

valve to tappet angle Oegcf |deg|
total length of cam tappet Ltap (mm)
cam lappet radius Ref (mm)

172.5
[12

width |x-axis| of cam tappet Wef |mm|
length (z-axis| of cam tappet Wtz (mm)

|9[3

125

!24

offset (x-axis) ol cam tappet Tx |mm)

input data for valve and roclcet folloBer

X coordinate of valve follower centre Xvf (mm)
y coordinate of valve follower centre Vvf |mm)
radius of valve follower Rvf (mm|
width of valve follower Wvf |mm]
width of valve tappet Wvt |mm|
X coordinate ol pushrod at rocker Xpf |mm|
y coordinate ol pushrod at rocker Ypf |mm|
© Prot Blav & Associates 2002

import filed pushrod geometry
select this input data set
return to the main data page

Figure 9.11: 4stHEAD Pushrod Follower Input Data Window, S&S Engine

107

measured using the same method as before, by measuring the adjacent and opposite
lengths. Figure 9.12 shows the data input window for the rocker. The masses were
measured using a digital scales, as before. The valvetrain stiffness was measured
using a long lever. The valve and springs were removed. The lever was then placed
under the rockers roller. A piece of wood was placed under the lever at the edge of the
head to act as a fulcrum. A load was applied to the end of the lever and the
displacement of the rockers roller was measured using a dial gauge mounted on the
head. The default values of damping were used. The rocker inertia was measured
using two methods, the second under the advice of Prof. Blair [31]. The ‘hang down’
method, as shown in the figure, and the Trifilar suspension method were used. In both
methods the oscillations were difficult to count. It was a lot easier to count the
oscillations if a video was made and played back on a computer. The oscillations still
occur at the same frequency on the screen, but it is easier to count a 2D oscillation on
the screen, than to track the 3D oscillation seen directly by your eyes.
input ddid pdgc for the rocker.
lEdit the data in the data fieida and then 'select the data' and then ‘return to main data page'.
INPUT DATA FOR A PUSHROD ROCKER VALVE FOLLOWER
You must input data for the.
rocker and valve follower mass, Mrk (g), and the inertia. Irk
(kg mm2) In order to calculate the inertia then you must
suspend the rocker on a knife edge as shown and swing' it
to find the average time per swing, Trk (sec), and also input,,
the hearing diameter, Drk (mm). Input a zero for all
redundant data input values
rocker inertia, irk (kg.mm2) ^

This IS the ehd shown hanging down in the
swing test Whichever end hangs down, place
it horizontally as shown here and weigh it
if the rocker is almost perfectly balanced then do not
use this method but measure the Inertia using a trifilar
suspension method shown later in these info pages

WEIGHING THE ROCKER END
© Prof. Blar 8 Associates 2008

(o) Prof 0lf«r 8 Associates 2002

DEFLECTION, dX

average pendulum swing time, Trk (sec)

BEARING SHAFT INSTALLED IN HEAD

VALVE FOLLOWE

mass oi rocker Mrk |g)

|285

valve train stiffness K (N/mm)

138000---

rocker shaft damping Dr |Ns/mm|

folol

rocker bushing diameter Drk |mm)

!14

rocker inertia Irk |kg.mm2|

191.82

rocker oscillation lime Trk (s|

|0.41

mass at swung end Mre |g)

121

which end hangs down in the swing test?

ivahre

l<e-mea.sured
as 5113
Adjusted to
5700

MB The rocker is swung with either Che
end hanging down, so type in the word
'valve' or 'cam' in the data line above.

select this input data set
3^

MEASURING THE STIFFNESS OF A ROCKER OR A FINGER FOLLOWER
© Prof etar 8 Associates 2002

return to the main data page

Figure 9.12: 4stHEAD Rocker Data Input Window, S&S Engine
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The input values to the trifilar formula are listed in Table 9.1. The calculated inertia
from these input values is 90 kg.mm". This result compares well with the hang down
value of 92kg.mm“. A quick hand calculation was also carried out which gave values
which correspond with the measured values. In any case, under the advice of Prof
Blair [31], the trifilar value can be taken as accurate. Figure 9.13 shows a drawing of
the model for the hand calculation.

Mass (g)

275

Upper radius of suspension threads (mm)

45.5

Lower radius of suspension threads (mm)

45.5

Oscillation period (sec)

0.48

Length of suspension threads (mm)

360

Table 9.1: Trifilar Suspension Formula Input Values, S&S Rocker

Figure 9.13: Schematic Model for Calculation of Inertia, S&S Rocker

The following is an explanation of the hand calculation of the rocker inertia. The
inertia is calculated in three parts. The main body of the rocker is calculated as a
hollow tube fube, the leg which connects to the valve is calculated as a segment of a
hollow disc Iseg valve, ^nd the leg that the pushrod connects to is also calculated as a
segment of a hollow disc

Iseg pushrod-

The fraction of a disc that each segment makes up

is calculated using two separate values, giving a higher and lower limit for the rocker
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inertia. The first value, which calculates the higher limit and overestimates the inertia,
applies the leg height to the inner segment circumference. The second value applies
the leg height to the outer segment circumference, creating a smaller segment with
lower inertia.

The mass of the rocker is 275g

The mass of the valve leg can be calculated as having a rectangular cross section of
length 31mm, width 17mm and height 12mm. This gives a leg mass of 49g.

The mass of the pushrod leg can be considered negligible.

This gives the main body of the rocker a mass of 226g. The body is calculated as a
hollow tube. The outer diameter is measured as 24.2mm and the length 93mm. The
inner diameter can then be back calculated from its mass:

]Lp

Mass of tube =

This gives an inner diameter of 13.7mm for the main body of the pushrod.

The inertia of the main body of the pushrod, Itube, is then calculated:

_ /rpHD"
^tube

32
_ 3.14(7800)(0.Q93)[q.0242^ -0.0137-^
32
= 21.8 kg.mm^

The inertia of the valve leg segment is calculated by first calculating the inertia of the
full disc,

Idisc valve*
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3.14(7800X0.017)[0.0922" -0.0242"
"disc valve

32
= 935 kg.mm‘

If the height of the leg is applied to the inner circumference of the segment, then the
inner disc fraction and segment inertia is given by:

Inner disc fraction =

12
7r(24,2)
12(935)

seg valve inner

;r(24.2)
= 148 kg.mm^

And, if the height of the leg is applied to the outer circumference of the segment, then
the segment inertia is:

seg valve outer

_ 12(935)
~ ;r(92.2)
= 39 kg.mm

That gives keg valve = 39 to 135 kg.mm'

For the pushrod leg, the height is 12mm, the width is 30mm and the outer disc
diameter is 58mm. This gives keg pushrod = 16 to 39 kg.mm“. So, the total calculated
inertia has a value of between 77 and 196 kg.mm“. It is clear from this that the
measured rocker inertia lies within the range of the hand calculation. So, the measured
value of inertia can be used with great confidence.
Figure 9.14 shows the input window for the pushrod data. Values in red are values
that were updated from the measured values. A pushrod was cut in half using a special
cutting disc for hard materials. The dimensions of the pushrod were then measured
using a digital calipers and micrometer, and its mass was measured using a digital
scales. The default damping constant was used. Later, in the results chapters, a
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comparison is made between the calculated and measured stiffness’ and natural
frequencies.
pushrod stiffness and other properties

PUSHROD INPUT DATA

^ ODPI

length Lpl |mtn)

select pushrod material....
(i.e , steel, aluminium,etc)

length Lp2 |mm)
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[782

length Lp3 |mm)

|12

diameter IDpr |mm|

IB.7

r\T.r~

diameter ODpI (mm|

0Dp2

diameter ODp2 |mm|

f77T“

diameter ODp3 (mm)

ill.1
[TTT~

diameter ODp4 |mm|
IDpr

\
mass of pushrod, Mpr (g)

202

pushrod mass including ball ends Mpr (g)

[Toe

pushrod damping Dpr (Ns/mm)

iO.4

centre of gravity |mm)
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calculated mass excluding ball ends (g|

[eol

maximum buckling load |N|

121581

axial pushrod stiffness Kpr |N/mm|

123191

lateral pushrod stiffness Kap (N/rnm)

[STs

axial vibration natural frequency |Hz|

[3123.2

lateral vibration natural frequency (Hz)

[585.6

_^ODp3
cam tappet end
0Dp4
(c) Prof. Bteir & Associates 2003

113.1
61.1
17931
21139
617
2846.1
486.4

Selecc here other materials for the pushrod.,
I (pushrod) steel Cr Mo

d
select this input data set
return to the main data page

Figure 9.14: 4stHEAD Pushrod Data Input Window, S&S Engine

Figure 9.15 shows the data input window for the cam tappet. Originally the software
only included the option to insert data for a solid cam tappet, but while writing up the
theses the option to insert data for a hydraulic cam tappet became available.
Therefore, some of the input values were not measured. Instead, Prof. Blair [31]
advised on what values to use. The values are of oil viscosity, oil supply pressure, oil
supply temperature and aeration oil content. These values were then adjusted and their
effect on the dynamic valve lift studied. This is discussed in greater detail in the
results chapters. As before, the masses were measured using a digital scales. Default
values of damping were used. All measurements were made using a digital vernier
calipers. When calculating the chamber minimum volume, the cylinder volume was
calculated as 951mm^ (Cylinder of radius 5.55mm and length 9.83mm), the
protruding piston volume was 284mm (Cylinder of radius 3.95mm and length
5.8mm) and the spring volume was 113mm^ (Wire radius 0.44mm, 5.7 coils, 5.2mm
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spring radius), giving a net chamber minimum volume of 554mm^. Figure 9.16 shows
the resulting tappet stiffness vs force.

input data page for cam lappet data
Edit the data in the data fields and then 'select the data' and then ' tetucn to mam data page",
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SET DRYLASH

select this input data set
return to the main data page

Figure 9.15: 4stHEAD Cam Tappet Data Input Window, S&S Engine

hydraulic tappet stiffness [CLICK MOUSE in window to return]
HYDRAULIC TAPPET STIFFNESS Kh (N/rnin) [max value = 29272]

CAM TAPPET FORCE (N)

Figure 9.16: 4stHead Hydraulic Tappet Stiffness, S&S Engine

113

That concludes data input for the valvetrain. Next is the data input for the outer and
then the inner valve springs. Both springs are inputted as progressively wound springs
with round wire. With reasonable accuracy, both springs could be considered as
parallel wound springs because the change in helix angle is negligible. But, to
maximize modeling accuracy they were entered as progressively wound. Figure 9.17
shows the input window for the outer valve spring, and Figure 9.18 shows the coil
spacing for the same spring. Figures 9.19 and 9.20 respectively are for the inner valve
spring. Once again, the masses were measured using a digital scales, the dimensions
were measured using a digital vernier calipers, and default damping coefficients were
used. There is an option to ‘get spring design’ when entering the data. This is
discussed in the results chapters, along with further discussions on how changing the
inputs affect the dynamic results. Finally, the in-cylinder state conditions were entered
as motoring conditions.
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input data page for coil spring no.1
Edit the data in the data fields and then 'select the data* and then ' return to main data page'

DIMENSIONS or SPRING WHEN FREE AND COMPRESSED AT PRELOAD
IpRELOAD, PO = K • (Hues - Hcs)

START TOTAL COIL COUNT, Sc, FROM TIP TO TIP,
TOP TO BOTTOM OF THE SPRING

number of coils Sc

15.6

mass of valve spring Ms |g)
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free spring height Hues |mm|
preload spring height Hcs (mm)
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spring outside diameter Ds |mm)
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spring wire diameter Ts (mm)
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number of dead coils at each end Nd
fi------spring coils damping Oc |Ns/mm|
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The total free space between all coils (ms) is 31.7
Spring preload plus static valve lift (ms) is
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This spring is not coilbound.
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1. select this input data set
2. gel progressive spring coil spacing
Select here other materials for valve spring no.l*.
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Figure 9.17: 4stHead Spring Data, S&S Outer Spring

spacing of coils on a progressive wound spring... the main spring no.1
Edit the data in the data fields and then 'select the data' and then 'return to spring data page'
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Figure 9.18: 4stHEAD Spring Spacing, S&S Outer Spring
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Figure 9.19: 4stHEAD Spring Data, S&S Inner Spring
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Figure 9.20: 4stHEAD Spring Spacing, S&S Inner Spring
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Chapter 10

Pushrod, Rocker and Valvetrain Results

10.0 Pushrod, Rocker and Valvetrain Results
10.1 Pushrod Stiffness Results
Figure 10.1 shows the measured force vs. deflection, and measured stiffness vs.
deflection results. However, it should be immediately stated that the accuracy of these
results was originally questioned. Before getting into the details of why the results
were questioned, and then why increased confidence was gained in the results, the
author will state some of the better points of the measurement method. It can be seen
in the graph that the deflection goes up to approximately 0.12mm. This measurement
was taken using two dial gauges, as explained already in the stiffness measurement
chapter. However, the displacement measured by the tensile testing machine was
0.26mm. This shows that if accurate results are desired, when measuring large forces
and small deflections, it is necessary to measure the deflection using dial gauges.
Two observations that should be made about the graph are that there is hysteresis
present and that the stiffness is not constant. Neither of these results was expected and
it is difficult to tell if they are measurement error or not.
S&S Pushrod Stiffntss

Oeflection(mm)

Figure 10.1: Pushrod Stiffness Results

The graphed results can be compared with the 4stHEAD [4] simulated pushrod
stiffness. The input data in 4stHEAD [4] for the pushrod was for the tubular portion
only and did not include the lash adjuster at the end. The total length of the pushrod
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including the adjuster is 284 mm, while the length of the tubular section is only 206
mm. The ball diameter is 9.5 mm, so subtracting this from the total length gives 265
mm including the adjuster. So, what value of tubular length should be used? The best
value to use is described later in the pushrod frequency section and is 226mm. This
value gives a simulated stiffness of 21139 N/mm. It could be stated that the 4stHEAD
[4] value of 21139 N/mm is within the range of the measured, graphed stiffness.

10.2 Pushrod Frequency Results
Figure 10.2 shows the results of the measured longitudinal resonant frequency of the
S&S inlet pushrod. It can be seen that the tests were repeated twice and were carried
out for two different compressions. The resonant frequency is somewhere in the range
2690Hz to 2715Hz. The difference in measured frequency is in the magnitude of
measurement error and does not indicate any change in longitudinal resonant
frequency with compression.

Pushrod Longitudinal Froquoncy
0 lOOntncorrprcsson.test 2

♦

OOMrrvncorTprsssiori.teS I --^OD0OfnnoofTpr«ssioft.t>st 2 ]

OOOOmfTi
Compitfsion
T«t1. T«t2

Figure 10.2: S&S Inlet Measured Pushrod Longitudinal Resonant Frequency

Figure 10.3 shows the results of the measured transverse resonant frequency of the
S&S inlet pushrod. The resonant frequency is somewhere in the range 478Hz to
495Hz. The percentage difference between the upper and lower value is 3.5% of the
lower value. This is within the range of experimental error, and it could be assumed
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that the difference is negligible, even if the frequency is not independent of
compression.
The 4stHEAD [4] simulated longitudinal and transverse frequencies were 3123 Hz
and 586 Hz respectively for a tubular length of 206mm. Entering 265mm as the
tubular length gives frequencies of 2428 Hz and 354 Hz respectively. So, what value
of tubular length should be used? Uncertainty in the stiffness measurements does not
allow us to use those results to select the best tubular length. Instead we will select it
from the frequencies. For the measured longitudinal frequency of 2700 Hz a tubular
length of 238 mm is required. And, for the measured transverse frequency of 485 Hz a
tubular length of 226mm is required. So, transverse frequency being the more critical
value, a tubular length of 226 mm is selected as the final value. The resulting
longitudinal frequency is 2846Hz and the error is 131 Hz or 4.8%.
Pushrod Transvers« Fraquency
"0 133frrT>co<Tpf*sflon.ltft 1

»
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Figure 10.3: S&S Inlet Measured Pushrod Transverse Resonant Frequency

10.3 Valvetrain Stiffness Results
The valvetrain stiffness was originally measured as 38000N/mm. However when this
is compared to the 4stHEAD [4] calculated value of camshaft stiffness and pushrod
stiffness it can be clearly seen that this value of 38000N/mm is not correct. The
4stHEAD [4] calculated stiffness’ of the camshaft and pushrod are 73000N/mm and
21139 N/mm respectively. Their combined stiffness is 16392N/mm. This stiffness is
at the pushrod side of the rocker. If you were to consider the lever ratio, on the rocker,
of the pushrod to fulcrum and valve to fulcrum distances, then the combined stiffness
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would equate to 10035N/mm at the valve. Add to this then the deflection of the
rocker, and the stiffness would be further reduced. It can be concluded then that the
measured value of 38000 N/mm must be incorrect. Based on this discovery, the
valvetrain stiffness was remeasured.
Figure 10.4 shows the force vs. deflection results for the valvetrain as explained in the
stiffness measurement chapter. It can be seen that once again there is hysteresis
present in the graph. This time experimental error can be eliminated as the source of
the hysteresis. It is possible the hysteresis originates from the pushrod and that the
pushrod results were accurate... hence the increased confidence in the pushrod
stiffness results!
Valvetrain Deflection

Figure 10.4: Valvetrain Load vs. Deflection Graph

The Valvetrain stiffness works out to be 3387 N/mm. This must equal the combined
stiffness, at the valve, of the camshaft, pushrod and rocker. So, the rocker stiffness is
back calculated as 5113 N/mm.

10.4 Rocker stiffness
Figure 10.5 shows the load vs. deflection graph for the rocker. No hysteresis was
measured. The stiffness works out as 5000 N/mm. This value corresponds very well
with the value of 5113 N/mm back calculated above. However, a more accurate result
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might have been obtained if the rocker was measured in situ in the engine, as
recommended by 4stHEAD [4].
A value of 5113 N/mm will be used as input data in the 4stHEAD [4] software
because this value counteracts any error that might be present in the values of
camshaft and pushrod stiffness calculated by 4stHEAD [4].

Rocker Deflection

Deflection (mm)

Figure 10.5: Deflection of Rocker Measured Outside Engine.
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Chapter 11

Spring Stiffness Results

11.0 Spring Stiffness Results
11.1 Spring Dimensional Data
The author will give each spring’s dimensions once in this chapter for those who do
not have access to the CD accompanying this thesis. For those who do have the CD
the individual coil data can be found in the file ‘Coil Displacements.xls’ and the
spring stiffness, frequency and dimensional data can be found in the file ‘Spring
Stiffness and Frequency.xls’
The next three pages hold the dimensional data for eight springs that were tested. The
springs could be split into two categories, non-tapered and taper wound, each with
different tables. For both categories, the first two columns give the general
dimensional data. The next column gives the spring gap spacing.
For the non-tapered springs, the remaining four columns in the table give the
simulation input data to the WU HSU stiffness program [27]. The first two columns of
the four, coil number and thickness, indicate the thickness of the bottom dead coil. An
identical thickness was simulated for the top dead coil, with the exception of the coil
number of course. The remaining two columns indicate the vertical height of the top
of the spring wire at the indicated coil numbers, as explained in the spring stiffness
simulation chapter.
For the taper wound springs, the WU HSU simulation [27] was not run so that input
data is not tabulated. But, instead, the side clearances for input to 4stHEAD [4] are
tabulated.
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250 Standard
No. of coils

6.2

Spring gaps

mass

24

3.99

coil
no.

thickness

coil
no.

height

Free spring Height

35

4.82

0

0.67

2

11.32

Preload spring height

25

4.9

0.25

1.75

3

19.47

24.63

1.86

0.5

2.1

4

27.7

3.33

0.25

0.75

2.64

5

32.89

1

4

5.2

34.25

Spring outside diameter
Spring wire diameter
Spring stiffness
No. of dead coils

22

simulation input

1

250 Tapered
No. of coils

6.1

Spring
gaps

Side
clearances

mass

22

5.13

1.1

Free spring Height

36.1

5.15

0.797618

Preload spring height

26.1

4.02

0.494509

Spring outside diameter

24.8

3.01

0.232517

Spring wire diameter

3.18

0.11

0.007278

Spring stiffness
No. of dead coils

21

0

1

450 Standard
simulation input

No. of coils

8.5

Spring gaps

mass

34

4.17

coil
no.

thickness

coil
no.

height

Free spring Height

46

4.82

0

1.07

2

11.54

Preload spring height

36

4.75

0.25

2.3

3

19.51

Spring outside diameter

24.6

3.37

0.5

2.71

4

27.41

Spring wire diameter

3.15

1.15

0.75

2.95

5

33.93

Spring stiffness

12

1.1

1

4.22

6

38.23

No. of dead coils

1

0.64

7.5

44.67
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450 Racing
simulation input

No. of coils

5.9

Spring gaps

mass

26

3.68

coil
no.

thickness

coil
no.

height

Free spring Height

36.7

5.44

0

1.33

2

11.75

Preload spring height

26.7

5.37

0.25

2.41

3

20.56

Spring outside diameter

24.9

3.51

0.5

2.68

4

29.3

Spring wire diameter

3.37

0.75

3.31

4.9

35.48

28

1

4.7

Spring stiffness
No. of dead coils

1

450 Racing Tapered
No. of coils
6.9
mass

Spring
gaps

Side
clearances

27

4.61

0.975

Free spring Height

42.6

4.83

0.770175

Preload spring height

32.6

4.8

0.559631

24.75

4.09

0.349867

3.27

2.83

0.158558

Spring outside diameter
Spring wire diameter
Spring stiffness
No. of dead coils

22

0

1

S&S Inner
No. of coils

7.5

Spring gaps

mass

simulation input
coil
no.

thickness

coil
no.

height

39

6.19

Free spring Height

62.2

6.86

0

1.04

2

13.99

Preload spring height

45.7

6.81

0.25

1.73

3

24.25

Spring outside diameter

28.6

6.82

0.5

2.26

4

34.46

3.4

6.84

0.75

2.84

5

44.68

14.4

3.16

1

4.44

6

54.92

6.5

59.31

Spring wire diameter
Spring stiffness
No. of dead coils

1

126

S&S Outer
No. of coils

5.6

Spring gaps

simulation input

mass

coil
no.

thickness

coil
no.

height

79

8.49

Free spring Height

56

8.49

0

1.7

2

19.89

Preload spring height

46

8.36

0.25

3.52

3

33.23

Spring outside diameter

38.7

5.4

0.5

4.07

4

46.44

Spring wire diameter

4.85

0.75

4.25

4.6

53.94

Spring stiffness

36.5

1

6.55

No. of dead coils

1

SES
No. of coils
4.9
mass

Spring
gaps

Side
clearances

35

6.19

0.79

Free spring Height

36.7

6.37

0.16

Preload spring height

26.7

6.26

-0.05

Spring outside diameter
Spring wire diameter
Spring stiffness
No. of dead coils

30.55

0

4

0

34
1

11.2 Individual Coil Compressions
11.2.1 Graphs of Individual Coil Compressions
The graphs on the following pages were obtained by measuring the absolute
displacement of each coil in the spring. The results from a total of eight springs are
displayed. It can be seen from the graphs where each coil starts to bind and where
each coil becomes fully bound. This is very useful information for comparison with
simulation models. Each data point in the graphs represents one millimetre spring
deflection, so you can count the dots to figure out at what spring deflection the
different coils bind at.
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11.2.2 Descriptive Analysis of Individual Coil Compressions

Some strange results were found which would not agree with the assumptions used in
theoretical derivations. The formulas are derived with the assumption of a single line
of force acting through the central axis of the spring. As a result the theoretical
stiffness of each fully active coil within the spring varies very little, perhaps about 1%
to 2% maximum change for a spring of constant spring wire diameter. But, it was
found from the individual coil compressions that in reality the stiffness varies from
the theoretical value by as much as 20%. The significance of this is that if the theory
cannot predict the individual coil stiffness, then it most certainly will not be able to
predict when each coil binds and the resulting spring stiffness either.
The second most unusual observation was that the bottom coil in the spring,
irrespective of the fraction of a full coil it is, will always have the stiffness of a full
coil. The theory here would be that a half coil should have double the stiffness of a
full coil. In reality that is not so, the bottom half coil has the same stiffness as the full
coils above it.
Examine the graphs of the springs supplied by Agusta SPA [32J, i.e. 250 and 450
springs. It was noticed when measuring the Agusta springs how accurately the spring
wire diameter was wound. If a straight edge ruler was held against the side of the
spring, all of the wires touched the ruler with no gaps to be seen. This too can be seen
in the results. The lines in the 250 standard, 450 standard and 450 racing graphs lie on
top of each other, as would be expected from springs of constant spring wire diameter.
The lines in the 250 Tapered and 450 Racing Tapered graphs are separated, with the
lines of successive coils beside each other. This too would be expected from taper
wound springs.
It was noticed when measuring the S&S springs that the winding of spring wire
diameter was not so accurate. The S&S springs, which the author assumes are meant
to be of constant spring diameter, most certainly are not. This can be seen again by the
scattered individual coil displacements measured. What is strange though is that the
lines are approximately evenly spaced apart, with successive coils side by side. This is
so despite the fact that the spring diameter is irregular.
The above observation could be expanded to all the graphs, to say that if the spring
diameters are irregular, each individual coil displacement line will be separated by
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approximately the same amount with successive coils side by side. The exception to
this is a coil that is in the process of binding. The binding coil does not have stiffness
comparable with the unbound coils.

11.2.3 Numerical Analysis of Individual Coil Compressions

The next two pages hold tabulated results data for the eight springs. The data is a
comparison between the average theoretical stiffness and average measured stiffness
of the fully active coils. The method of analysis is to distinguish where each coil starts
to bind. Printing out the graph and examining it with a straight edge ruler can help
this. Then, the average stiffness of the remaining fully active coils is calculated. For
example, for the 250 Tapered spring overleaf, there are 3 fully active coils between 12
and 15 mm deflection. The measured average coil stiffness from the graph is 116
N/mm. The resulting spring stiffness is calculated as (individual coil stiffness)/(no of
coils). In this case the resulting spring stiffness is 38.7 N/mm. The theoretical coil
stiffness is calculated in the WU HSU stiffness program [27]. The coil spacing
information entered has a minimal effect on the result. An average coil diameter is
used. Ten elements per coil are used and so the single coil stiffness is one tenth of the
elemental stiffness. The theoretical stiffness for these three coils is 115 N/mm
resulting in a theoretical spring stiffness of 38.3 N/mm. The percentage error of the
theoretical stiffness wrt the measured stiffness for these coils is -1%.
If the percentage errors are examined for each spring it can be seen that errors of up to
between 10 and 15% are frequent. All the springs have errors of more than 5% and the
maximum error is 17%. The maximum change in coil stiffness is in the 250 Standard
spring and is 23% change, 7% above and 16% below the theoretical value.
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250 Standard
Displacement

Active

Theoretical

Theoretical

Measured

Measured

Percentage

Coils

Coil

Stiffness

Coil

Calculated

error

Stiffness

Stiffness

Stiffness
Oto 1

5

119

23.8

141

28.2

-16

lto5

4

119

29.8

111

27.8

7

5 to 13

3

119

39.7

117

39.0

2

13 to 16

2

119

59.5

120

60.0

-1

Active

Theoretical

Theoretical

Measured

Measured

Percentage

Coils

Coil

Stiffness

Coil

Calculated

error

Stiffness

Stiffness

250 Tapered
Displacement

Stiffness
Oto 12

4

111

27.8

114

28.5

-3

12 to 15

3

115

38.3

116

38.7

-1

15 to 17

2

119

59.5

108

54.0

10

Active

Theoretical

Theoretical

Measured

Measured

Percentage

Coils

Coil

Stiffness

Coil

Calculated

error

Stiffness

Stiffness

450 Standard
Displacement

Stiffness
Oto 3

7

94

13.4

97

13.9

-3

3 to 7

6

94

15.7

106

17.7

-11

7 to 17

4

94

23.5

113

28.3

-17

17 to 18

3

94

31.3

100

33.3

-6

Active

Theoretical

Theoretical

Measured

Measured

Percentage

Coils

Coil

Stiffness

Coil

Calculated

error

Stiffness

Stiffness

450 Racing
Displacement

Stiffness
Oto 10

4

121

30.3

127

31.8

-5

10 to 14

3

121

40.3

142

47.3

-15

14 to 17

2

121

60.5

118

59.0

3
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450 Racing Tapered
Displacement

Active

Theoretical

Theoretical

Measured

Measured

Percentage

Coils

Coil

Stiffness

Coil

Calculated

error

Stiffness

Stiffness

Stiffness
Oto 14

5

124

24.8

138

27.6

-10

14 to 18

4

127

31.8

155

38.8

-18

18 to 20

3

130

43.3

155

51.7

-16

S&S Inner
Displacement

Active

Theoretical

Theoretical

Measured

Measured

Percentage

Coils

Coil

Stiffness

Coil

Calculated

error

Stiffness

Stiffness

84
84

14.0

-6

16.8

-6

Measured

Measured

Percentage
error

Stiffness
Oto 21
21 to 35

6

79

5

79

13.2
15.8

Active

Theoretical

Theoretical

Coil

Stiffness

1

S&S Outer
Displacement

Coils

Stiffness
Oto 27

Coil

Calculated

Stiffness

Stiffness

4

135

33.8

142

35.5

Active

Theoretical

Theoretical

Measured

Measured

Coils

Coil

Stiffness

Coil

-5

1

SES
Displacement

Stiffness
0 to 3

3

129

Stiffness
43.0

I Percentage

Calculated
Stiffness |

153

51.0

error

-16

11.2.4 Conclusions from Individual Coil Compressions Data

•

The measured coil stiffness differs from the theoretical stiffness by as much as
17%

•
•
•

•

The stiffness of the bottom fraction of a coil, if fully active, will be equal in
stiffness to the full coils above it. This completely contradicts the theory.
For a spring of constant spring wire diameter, the deflection of each fully
active coil in the spring will be equal but not constant.
For a spring of non-constant spring wire diameter, the irregularity of the side
clearance is irrelevant. The increase in stiffness of successive coils will be
approximately equal.
The stiffness of a binding coil is incomparable with the stiffness of the fully
active coils.
139

11.3 Spring Stiffness
The following pages contain graphs of stiffness for the eight springs already
discussed. There are two sets of measured data. Both were measured in the tensile
testing machine. Measured #1 was taken using a high capacity, low resolution load
cell ideally suited to measuring larger forces. Measured #2 was taken using a lower
capacity high resolution loadcell. Measured #1 was taken at 0.04 to 0.05mm intervals
while Measured #2 was taken at 1mm intervals. So, where Measured #2 is better
because it has higher resolution in lacks in its frequency of measurement. The
stiffness of Measured #1 is calculated across 0.4mm or 0.5mm in 0.04 or 0.05mm
increments. Or, in other words, it’s calculated across 10 data points. ‘4stHEAD’ is the
simulated stiffness from the 4stHEAD [4] software. The software allows you to save a
text file containing the stiffness data. It should be noted that the 4stHEAD [4]
software did not have the option to obtain this spring design data at the beginning of
the masters and it was only during the writing up of the masters that this development
was made. ‘Simulated’ are the results from the authors own Labview [22] spring
stiffness simulation program ‘Wu Hsu Stiffness’ [27].
The author thinks it unnecessary to calculate the error between calculated stiffness
values and measured stiffness values. It is sufficient to study the graphs. The errors
are large enough to be seen in the stiffness graphs.
The first feature to be studied is the opening stiffness. It can be observed that the
stiffness is always over estimated. At this stage there is no coil binding so binding can
be eliminated as the source of error. Some of the error here might be due to the
bottom coil effect as explained in section two of this chapter. Say for example if you
had a spring of 4.5 coils, giving one half coil on the bottom, the error due to the
bottom coil effect would be 10%. The error is further increased by the theoretical
error in calculating the stiffness of a fully active coil. These opening theory errors
were -16, -3, -3, -5, -10, -6, -5, -16 percent respectively to the springs listed with the
same order in all graphs and tables. This could give a total error of up to 26% or
more!
Next to observe is the manner in which the calculated stiffness’s jump in steps. In the
measured data. Measured #1 increases in steps while measured #2 increases gradually.
It is possible the reason for the gradual increase in #2 is smoothing due to the large
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increment between data points. Work by Prof Blair et al [17-20] document stepped
increases.
The last point to observe, and probably the most critical to engine design, is the
stiffness in the last one to two millimetres of the graph. It is sometimes
underestimated but is more frequently overestimated and to a greater extent. The
significance of this is that the installed valve springs are usually compressed to one to
two millimetres from coil bind in a running engine. If the stiffness is overestimated
then component separation might not be properly predicted.
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11.4 Correlation between Spring and Collective Coil Stiffness
This section makes a comparison between the collective coil stiffness and the stiffness
of the complete spring, each measured separately. A single spring is analyzed, namely
the S&S Outer spring. To make the comparison possible it is necessary to fit
polynomials to the graphs. Figure 11.1 shows a graph of Spring Force and Spring
Stiffness versus Compression. It can be seen that the polynomial has a smoothing
effect on the stiffness.

Figure 11.1: Spring Force and Stiffness versus Spring Deflection

Figure 11.2 shows the individual Coils Compressions versus Force. The dots represent
the data points and the lines are the polynomial fit. Displayed also are the equations of
the polynomials, displayed in the same order as the legend, from 4 to 1.

Coil Com prof sion vf. Spring Forco
S&S Cycio Outor Spring
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Spring Force(N)

Figure 11.2: Coil Compression versus Spring Force

145

Figure 11.3 shows the stiffness of each coil within the spring, calculated from the
differential of the polynomials. The difference in stiffness between the coils can be
seen, and also how the stiffness of Coil 4 increases rapidly as it binds. Without using
polynomials the difference in stiffness between the coils would be indistinguishable.

Figure 11.4 shows a comparison between the spring stiffness, as calculated from
Figure 11.1 and the collective coil stiffness. The dots represent the spring stiffness and
the line represents the collective coil stiffness. It can be seen that there is little
difference between the two.
Spring Stiffness vs. Spring Deflection
S&S Cycle Outer Spring
-Collective Co<l

■ Full Spring |

Spring Defleclion (riYn^

Figure 11.4: Spring Stiffness Versus Spring Deflection
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Chapter 12

Spring Frequency Results

12.0 Spring Frequency Results
The graphs on the following pages show the spring resonant frequency results for the
eight springs. The black line showing the number of active coils is graphed on the
secondary axis. It was not possible to put an axis label on the secondary axis, so it
should be noted that the secondary axis is of coil number. The number of active coils
was back calculated from the measured spring stiffness using the close coil spring
stiffness formula as explained in the spring stiffness simulation chapter. The
calculated frequency is calculated from the number of active coils and the measured
spring stiffness, as explained in the frequency measurement chapter (Equation 6.1).
The measured frequency was measured using special apparatus and techniques as
explained in the frequency measurement chapter. The 4stHEAD [4] frequency is the
spring resonant frequency from the 4stHEAD [4] spring design output text file. This
output data is a development in the 4stHEAD [4] software which happened during the
write up of the thesis. Also, a small bug in the 4stHEAD [4] program was fixed as a
result of the measured data passed on to Prof Blair [31].
Three different studies of the graphs should be carried out: the difference between the
measured frequency and the calculated frequency, the difference between the
measured frequency and the 4stHEAD [4] frequency, and the difference between the
calculated frequency and the 4stHEAD [4] frequency.
The significance of the latter is that if 4stHEAD [4] predicted the spring stiffness
perfectly then the 4stHEAD [4] frequency would equal the calculated frequency, and
the 4stHEAD [4] error would equal the difference between the calculated frequency
and the measured frequency. It follows that the error between the 4stHEAD [4]
frequency and the calculated frequency is directly proportional to the error between
the 4stHEAD [4] stiffness and the measured Stiffness. Therefore, for the analysis of
the 4stHEAD [4] to calculated results, refer to the stiffness results chapter, as the
same analysis applies to both.
Moving on to the calculated and measured lines, it can be seen that the error could be
viewed as relatively small in comparison to some of the errors experienced in the
stiffness results chapter. It is difficult to say what causes the error. One possibility is
that the amplitude of the vibration causes coils that are softly bound to unbind.
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Finally, the difference between the 4stHEAD [4] frequency and the measured
frequency is the sum of the two differences above, for the 4stHEAD [4]-calculated
and calculated-measured frequencies. In some places both differences add to make a
larger difference, while in other places the combined difference is less.
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Chapter 13

4stHEAD Dynamic Valve Lift Analysis

13.0 4stHEAD Dynamic Valve Lift Analysis
13.1 Static and Dynamic Valve Lift Diagrams
In this chapter the author is analysing the dynamic valve lift simulated by 4stHEAD
[4]. The importance in accuracy of the maximum dynamic valve lift is that the high
speed footage is calibrated against it. Therefore, it is logical to examine the dynamic
valve lift before examining the dynamic coil lifts. The term ‘dynamic valve lift’ is a
general term as it can refer to both the displacement of the valve head and the top of
the valve stem. More usually, by 4stHEAD users, it refers to the dynamic valve head
lift. For the high speed camera, the measured dynamic valve lift will refer to the
dynamic lift of the top dead coil of the outer valve spring. The difference between the
two interpretations is only about 0.01 to 0.02mm.
To analyse the data comparisons are made between the static valve lift, the measured
dynamic valve lift, and the 4stHEAD [4] dynamic valve lift. Again, a little confusion
can surround the term ‘static valve lift’. It can refer to the measured static valve lift, or
the mathematically modelled by 4stHEAD [4] static valve lift. In both cases it is for
valve springs of infinitesimally small stiffness. A large percentage of the difference
between static valve lift and dynamic valve lift is due to the valve spring forces. The
difference between the two interpretations is up to 0.02mm, during zero dynamic
valve lift during the first and last twenty degrees, and up to 0.08mm over the rest.
Figure 13.1 shows a graph of the measured dynamic top dead coil lift, the 4stHEAD
[4] dynamic top dead coil lift, and the measured static valve lift. The difference
between the static and dynamic values is clearly visible. But, the difference between
the two dynamic lines is only barely visible. It should be kept in mind that the
dynamic lines are identical at maximum valve lift because the measured value is
calibrated against the 4stHEAD [4] value.
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Dynamic static Lift Comparison
S&S 640 Cam, 500 RPM Cam, 5113 Rocker Stiffness, 0.5% Aeration
- Measured Stdtic Valve Lift

13.2 Zero Dynamic Valve Lift Analysis
For the first 10 to 20 degrees of cam lift there is approximately zero dynamic valve
lift. This is because each individual valvetrain component has a stiffness and deflects
a certain amount before the dynamic spring preload force is met. Therefore, a good
method of analysing the dynamic valve lift is to examine the duration of zero dynamic
valve lift. To make the graphs easier to see, values of dynamic minus static lift will be
used. The beginning of static lift, and the beginning of dynamic lift, is determined as
lift above 0.02mm. The reason for this definition is that the top dead coil lifts at the
same instant dynamically as statically due to the stiffness of the valve stem. In other
words, the top dead coil lifts dynamically before the valve head does, but only
minimally by about 0.01 to 0.02mm.

Another reason for the use of the value of

0.02mm is the resolution of measured zero valve lift.
To allow the user to get a ‘feel’ for the values of dynamic minus static valve lift,
values of rocker stiffness of 5113N/mm and 38000N/mm and solid follower and
hydraulic follower 0.5% aeration are displayed. The reason why measured values are
not displayed on the same graph as the 4stHEAD [4] values is that for each line the
measured values would be calibrated differently.
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Figure 13.2 shows the dynamic minus static valve lift as calculated by 4stHEAD [4].
It should be noted that the .svl file, 4stHEAD [4] simulated static valve lift file, was
used for this calculation and not the .mvl file, measured static valve lift file. In the
legend, ‘5113’ and ‘38000’ stand for rocker stiffness of 5113N/mm and 38000N/mm
respectively. ‘Solid’ and ‘0.5’ stand for a solid follower of stiffness 75000N/mm and a
hydraulic follower with 0.5% aeration, respectively. It should be observed that there is
zero measured dynamic valve lift for approximately 0.3 millimetres static lift, as
illustrated on the left of the graph.
4stHEAD'Dynamic Minus Static' Valve Lift
S&S 640 Cam, 500 RPM Cam

Figure 13.2: 4stHEAD ‘Dynamic Minus Static’ Valve Lift

Valve opens statically

2 Deg

Valve opens dynamically for 38000 Solid

11 Deg

Valve opens dynamically for 38000 0.5

13 Deg

Valve opens dynamically for 5113 Solid

14 Deg

Valve opens dynamically for 5113 0.5

15 Deg

Valve opens dynamically measured

15 Deg

A rocker stiffness of 5113N/mm is the correct value to use and does not need to be
adjusted. However, the percentage aeration is unknown. The difference between using
the solid follower and the hydraulic follower with 0.5% aeration is only one degree,
so it would be difficult to determine the correct percentage aeration using the above
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graph. One might suggest measuring the static valve lift with the valve springs
installed, but this would be of no use as the hydraulic follower bleeds down. Perhaps,
using a little ingenuity one could measure the rate of bleed down and take that into
account. But then one would have to have the engine running before hand to attain the
correct oil temperature and percentage aeration. The author would prefer to determine
the correct stiffness values to use by examination of the dynamic results alone, if
possible.

13.3 Valvetrain Forces Analysis

Valvetrain Forces
2500

S&S 640 Cam, SOO RPM Cam, 5113 Solid

•1000
Cam Angle (Oeg)

Figure 13.3: 4stHEAD Valvetrain Forces

Figure 13.3 shows the valvetrain forces. Examine first the forces during zero static
valve lift. One would expect the pushrod and cam forces to be zero, and for the total
top coils force to be equal and opposite to the valve head force. The total top coils
force was obtained by adding the inner and outer top coil forces. The pushrod forces
were zero as expected, but the cam force was approximately 60N. The total top coil
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force was about 600N and the valve head force was about 565N. So, there is a
difference of 35N. As a comparison, the outer spring has a preload of 10mm and
stiffness of 36.5N/mm giving a preload force of 365N. The inner spring has 16.5mm,
14.4N/mm and 238N respectively. So, the total preload force is 603N, which matches
the total top coil force. This 35N difference and the previous 60N difference are in the
same proportion as the rocker ratio. Dr McCartan [34] pointed out that the difference
comes from the valve stem stretching. It only stretched by about 0.01 to 0.02 mm, but
this amount of compression of the highly stiff valvetrain will result in the difference
of35N.
Next, examine the forces at maximum valve lift. The total top coils force is
approximately 1485N. The dynamic coil lift is 15.8mm. The combined spring
stiffness of the inner and outer valve spring is 50.9N/mm, giving a force of 804N.
Add to this the spring preload force and we get 1407N. To obtain a force of 1485N
would require a dynamic coil lift of 17.3mm which is even higher than the static lift.
The pushrod forces can be used to examine the rocker ratio. From the forces the ratio
is 1485:2280 and is equal to 0.65. In previous chapters I used an approximate ratio as
the fulcrum lengths not taking into account that the lever was not perpendicular to the
forces. That ratio was 22.6:36.1 and is equal to 0.62. The perpendicular-to-force ratio
was measured in AutoCAD as 22.1:34.4 and is equal to 0.64 at zero valve lift, and as
20.5:35.8 and is equal to 0.57 at 15.8mm valve lift.

13.4 Valvetrain Deflection Analysis
The combined stiffness of the cam, follower, pushrod and rocker at the valve was
measured as 3387 N/mm. However, when calculating the rocker stiffness of 5113
N/mm an infinitesimally stiff cam follower was used. In the 4stHEAD [4] software a
value of follower stiffness of 75000 N/mm was used. Therefore, for the following
calculation a combined cam, follower, pushrod and rocker stiffness of 3154N/mm,
will be used for the stiffness of the valvetrain at the valve. The total top coils force
from Figure 13.3 can be used with the stiffness to calculate the valvetrain deflection,
and this then can be compared to Figure 13.2. This method does not take into account
the dynamic variation of forces between the different valvetrain components, so when
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examining the results this will have to be kept in mind. A fast calculation could be
carried out at maximum valve lift, but instead a full graph was calculated inside in
Microsoft Excel [23]. In can be seen from Figure 13.4 that the values do not match.
The error at maximum valve lift is 21%.
Dynamic Minus Static Lift
S&S 640 Cam, 500 RPM Cam, 5113 Solid

Figure 13.4: Valvetrain Deflection Analysis

13.5 Damping Constants Analysis
The following analysis is carried out to get a ‘feel’ for the damping constants used in
the 4stHEAD [4] mathematical model. The analysis will be for the default damping
constants, the S&S 640 cam, solid follower, 500 RPM cam, and rocker stiffness of
5113N/mm. The damping forces are difficult to comprehend and are difficult to make
rough calculations of, as will be explained. The pushrod was analysed first and then
the analysis was expanded to the other valvetrain components.

13.5.1 Internal Damping and Acceleration Force
13.5.1.1

Pushrod

First, is calculated the damping force in a single damper element of the pushrod. We
will assume there are five elements in the pushrod, the pushrod stiffness is
21139N/mm, the damping constant is 0.4 Ns/mm, and the mass is 106g. The force in
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the pushrod is read from a 4stHEAD [4] output file, as in Figure 13.3, and the
resulting compression of the pushrod is calculated. The compression graph has the
same shape as the force graph, in Figure 13.3, except with the scaling factor of the
stiffness. Next, the compression velocity is calculated. The damping force is
calculated as the damping constant times the compression velocity. The result can be
seen in Figure 13.5. It can be seen that the maximum force is only about IN, and the
largest forces occur during the first and last 15 Degrees of valve lift where the spring
preload force is being rapidly applied to the pushrod.
Pushrod Damping Force
S&S 640 Cam, 500 RPM Cam, 5113 Solid

Cam Angle (Deg)

Figure 13.5: Pushrod Damper Damping Forces

It should be noted that the above graphed forces, for a single damper element, are
minimal in comparison to the valve spring preload force of 980N (=600N at valve)
and maximum lift valve spring force of 2300N (= MOON at valve). If you look at the
mathematical model in Figure 9.7, you can see that the dampers are arranged for
internal damping. Under the static valve spring forces, each damper element will be
subjected to the same velocity and so the same damping force. As a result the net
difference in damping force across each lumped mass, due to the static valve spring
forces, will be zero. Also, the net damping force, due to the static valve spring forces,
between the top and bottom of the pushrod will be zero. The only situation that will
cause a net damping force is the variation in dynamic force between each lumped
mass. To get a ‘feel’ for the magnitude of these forces we will calculate the force
required to accelerate one lumped mass. The acceleration of the middle of the pushrod
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is an output value from 4stHEAD [4], so it is simple to calculate the acceleration force
by multiplying by the mass. The result is shown in Figure 13.6. To emphasis how
small the net damping force across one lumped mass would be I proceeded to
calculate the acceleration damping force. So, I first calculated the acceleration
compression, then the acceleration compression velocity, and finally the acceleration
damping force. The result is shown in Figure 13.7. It is obvious that the net force is
indeed extremely small. The net damping force between the top and bottom of the
pushrod would be five times larger, but still extremely small. The conclusion then is
that a pushrod damping constant of 0.4 N/mm will result in a maximum increase in
pushrod force of about 1.1 N, and a maximum net difference between top of pushrod
force and bottom of pushrod force of only about 0.02N. The maximum total
acceleration force, at about eighteen degrees, and excluding the spike at one hundred
and eighty degrees, is 13N.

Pushrod Acceleration Force
S&S 640 Cam, 500 RPM Cam, 5113 Solid
6

5

Cam Angle (Oeg)

Figure 13.6: Pushrod Element Acceleration Force

In an attempt to validate the calculations to some extent 4stHFAD [4] was run with a
pushrod damping constant of 40 Ns/mm, but the program crashed. It was repeated for
a damping constant of 4 Ns/mm. The pushrod force for 0.4 Ns/mm was subtracted
from the pushrod force for 4 Ns/mm. The result is shown in Figure 13.8 in blue. One
would expect the force to be ten times the force in Figure 13.5. But, it can be seen that
the force in Figure 13.8 is of an oscillatory nature. This emphasises the dynamic
oscillatory nature of the valvetrain model. The average of the blue force in Figure
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13.8 was calculated across five degrees, and is graphed in Figure 13.8 in red. It can be
seen that the maximum positive magnitude of the blue line is approximately ten times
that in Figure 13.5, as expected. Some of the magnitude is lost in the red line due to
the moving average, but what we can see instead is that the shape of the red line
matches Figure 13.5. So, the results in Figure 13.5 are verified. Unfortunately we
cannot use 4stHEAD [4] results to verify Figure 13.7. Figure 13.6 was verified as
almost an exact match by subtracting the top of pushrod and bottom of pushrod forces
outputted from 4stHEAD [4].

Net Pushrod Acceleration Damping Force
S&S 640 Cam, 500 RPM Cam, 5113 Solid

Cam Angle (Deg)

Figure 13.7: Net Damping Forces Due to Lumped Mass Acceleration

Difference in Pushrod Force From 0.4 and 4 Ns/mm Damping Constant
S&S 640 Cam, 500 RPM Cam, 5113 Solid

Cam Angle (Oeg)

Figure 13.8: Difference in Pushrod Force Using 0.4 Ns/mm and 4 Ns/mm Damping Constant
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13.5.1.2

Cam Follower

The default internal damping coefficient for a solid follower is 0.4 Ns/mm and for a
hydraulic follower is 0.5 Ns/mm. We will limit this analysis to the solid follower due
to the non-linear nature of the stiffness of a hydraulic follower. I will use a stiffness of
75000 N/mm, a mass of 153 g and a damping coefficient of 0.4 Ns/mm. The
calculations will be basically the same as those for the pushrod. I will use the pushrod
force and acceleration for the calculation. The graphs obtained for the cam follower
have exactly the same shape as Figures 13.5 to 13.7 for the pushrod, except that the
scale is different. This difference is caused by the differing mass, stiffness and lumped
mass arrangement. So in conclusion, using a damping coefficient of 0.4 Ns/mm, the
maximum increase in cam follower force is 1.6 N, and the maximum net difference
between top of cam follower force and bottom of cam follower is only about 0.02N.
The maximum total acceleration force is 19N.
An observation that should be made here is that there is a net difference in damping
force of 0.5 N between the pushrod and the cam follower.

13.5.1.3

Camshaft

For the calculations 1 once again used the pushrod force. The stiffness is 73146 N/mm
and the damping constant is 0.02 Ns/mm. The damping force graph has the same
shape as Figure 13.5 and the maximum damping force is only 0.08 N.

13.5.1.4

Rocker

There is no internal damping in the rocker. The value Dvt in the mathematical model
could be interpreted as rocker internal damping, but a value for it is nowhere to be
seen in the input windows. Equation 13.1 was used to calculate the rocker acceleration
force at the valve side of the rocker. The valve head acceleration was used in the
calculation.
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Angular Power = Linear Power
\oxx = Ym
V a

Equation 13.1

I---- = Fv

r r
F=

la

Where
I

= Inertia

(kgm-)

oy

= Angular velocity

(Rad/sec)

a

= Angular acceleration

(Rad/sec“)

F

= Force

(N)

V

= Velocity

(m/sec)

a

= Acceleration

(m/sec“)

r

= Force application radius

(m)

The resulting graph of acceleration force, in Figure 13.9, is more oscillatory than that
in Figure 13.6 and the spike in the new graph is far higher. Ignoring the spike, the
maximum acceleration force is 24 N.
Rocker Acceleration Force
S&S 640 Cam, 500 RPM Cam, 5113 Solid

Cam Angle (Oeg)

Figure 13.9: Rocker Acceleration Force at Valve
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13.5.1.5

Retainer and Collets

The mass of the retainer and collets, half the valve stem, the outer top dead coil, and
the inner top dead coil is lumped into one mass. Their masses are 24, 21, 12 and 4.5
grams respectively, giving a total of 61.5 g. There is no damping on the lumped mass,
apart from the valve spring damping which will be discussed later, and the Dvt value
previously discussed. The valve head acceleration was used for the calculation. The
shape of the acceleration force graph is the same as Figure 13.9 and the maximum
acceleration force is 22N.

13.5.1.6

Valve Stem

Half the mass of the valve stem is lumped into a single lumped mass. Its mass is 21g.
The valve head acceleration is used to calculate the acceleration force as previously
used. The damping force is calculated using the valve head force, as in Figure 13.3,
and a damping constant of 0.4 Ns/mm. The stiffness used is the stiffness in series of
double the valve stem stiffness of 222446 N/mm, and the valve head stiffness of
63124 N/mm giving a combined stiffness of 49170 N/mm. The resulting damping
force, seen in Figure 13.10, is different in shape to that in Figure 13.5 because of the
different force profile used from Figure 13.3.
Valve Stem Damping Force
S&S 640 Cam, 500 RPM Cam, 5113 Solid

Cam Angie (Deg)

Figure 13.10; Valve Stem Damping Force
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The net damping force across the lumped mass due to the acceleration forces is shown
in Figure 13.11. Neglecting the spike, the maximum net damping force is 0.03 N. The
acceleration force has the same shape as Figure 13.9 and the maximum acceleration
force is 7.5 N. The maximum damping force is 1.3 N.
Net Valve Stem Acceleration Damping Force
S&S 640 Cam, 500 RPM Cam, 5113 Solid

Cam Angle (Deg)

Figure 13.11: Net Valve Stem Acceleration Damping Force

13.5.1.7

Valve Head

The valve head has the same damper attached to it, as is attached to the valve stem. Its
mass is 73g. The acceleration forces have the same shape as Figure 13.9 and the
maximum acceleration force is 26 N.

13.5.1.8

Inner Valve Spring

We will assume there are six active masses in the spring, each of 5g. The damping
forces will be approximately equal for each mass. The acceleration forces will be
approximately multiples of the bottom mass acceleration force, and so too will the net
acceleration damping forces be multiple of the bottom acceleration damping force.
We will calculate first the forces on the bottom lumped mass. We will use an
acceleration of one sixth the valve head acceleration, and a stiffness of 100.8 N/mm,
which is seven times the spring stiffness, and a damping constant of 0.002 Ns/mm.
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The damping force can be seen in Figure 13.12. Its maximum value is 0.24 N.
Inner Spring Damping Force
S&S 640 Cam, 500 RPM Cam, 5113 Solid
0.5
0.4
0.3

-0 4
-0 5

Cam Angle (Deg)

Figure 13.12: Inner Spring Damping Force

Net Inner Spring Acceleration Damping Force
S&S 640 Cam, 500 RPM Cam, 5113 Solid

Cam Angle (Deg)

Figure 13.13: Net Inner Spring Acceleration Damping Force

The acceleration force graph has the same shape as Figure 13.9, and its maximum
value is 0.3 N for the bottom coil and 0.6, 0.9, 1.2, 1.5 and 1.8 N for the other coils.
The total acceleration force is 6.3 N. The net acceleration force across the bottom coil
can be seen in Figure 13.13 and the maximum net acceleration damping force is 0.003
N for the bottom coil and 0.006, 0.009, 0.012, 0.015 and 0.018 N for the other coils.
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The net difference in damping force between the top and bottom of the spring is only
0.063 N.

13.5.1.9

Outer Valve Spring

We will assume that there are four active masses in the spring each of 13.8g. We will
use an acceleration of one fourth the valve head acceleration, and a stiffness of 183
N/mm, which is five times the spring stiffness, and a damping constant of 0.002
Ns/mm. The damping force graph has the same shape as in Figure 13.12. Its
maximum value is 0.34 N. The acceleration force graph has the same shape as Figure
13.9, and its maximum value is 1.2 N for the bottom coil and 2.4, 3.6 and 4.8 N for
the others. The total acceleration force is 12 N. The net acceleration force graph has
the same shape as in Figure 13.13, and the maximum net acceleration damping force
is 0.008 N for the bottom coil and 0.016, 0.024 and 0.032N for the others. The net
difference in damping force between the top and bottom of the spring is only 0.08 N.

13.5.1.10 Conclusions
The following results are for the default damping constants, the S&S 640 cam, solid
follower, 500 RPM cam, and rocker stiffness of 5113N/mm. The acceleration forces
are 13, 19, 24, 22, 7.5, 26, 6.3, and 12 N for the pushrod, cam follower, rocker,
retainer and collets, valve stem, valve head, inner valve spring, and outer valve spring
respectively. These forces are equivalent to 8, 11.6, 24, 22, 7.5, 26, 6.3, and 12 N
respectively at the valve side of the rocker. The total acceleration force at the valve
side of the rocker is 117.4 N. The internal damping forces are 1.1, 1.6, 0.08, 1.3, 0.24,
and 0.34 N for the pushrod, cam follower, camshaft, valve stem, inner valve spring,
and outer valve spring respectively. It can be seen that there is a net force difference
between the different components and that the maximum damping force is 1.6 N. The
net acceleration damping force between the top and bottom of each component is
0.02, 0.02, 0.03, 0.063, and 0.08 N and at the valve side of the rocker is 0.012, 0.012,
0.03, 0.063, and 0.08 N for the pushrod, cam follower, valve stem, inner valve spring,
and outer valve spring respectively. The total net acceleration damping force is 0.197
N at the valve side of the rocker. The significance of the total net acceleration
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damping force is that this damping force is as a result of the acceleration and will act
directly to counteract the acceleration forces. The total net acceleration damping force
as a percentage of the total acceleration force is only 0.17 %.

13.5.2 External Damping
13.5.2.1

Cam Follower

The cam follower is subjected to external damping of 0.02 Ns/mm. The velocity at the
pushrod side of the rocker is calculated at every degree, across five degrees, of the
dynamic valve head lift using a rocker ratio of 0.61. The resulting damping force is
graphed in Figure 13.14. The maximum damping force is 9.3 N.

Cam Follower External Damping Force
S&S 640 Cam, 500 RPM Cam, 5113 Solid

Figure 13.14: Cam Follower External Damping Force

13.5.2.2

Rocker

The mathematical model shows an external damper attached at the circumference of
the rocker shaft. The damping coefficient is 0.01 Ns/mm. The velocity is calculated
from the dynamic valve head lift using a valve to shaft ratio of 34:7. The damping
force has the same shape as Figure 13.14, and the maximum damping force is 1.6 N.
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13.5.2.3

Valve Stem

The velocity is calculated directly from the dynamic valve head lift. A damping
coefficient of 0.01 Ns/mm is used. The damping graph has the same shape as Figure
13.14, and its maximum value is 7.6 N.

13.5.2.4

Conclusions

The cam follower, rocker and valve stem have external damping forces of 9.3, 1.6 and
7.6 N respectively. These forces are equivalent to 5.7, 0.3 and 7.6 N respectively at
the valve. The total external damping force at the valve is 13.6 N.

13.5.3 Damping and Acceleration Force Conclusions
It can be seen for the conclusions in the separate sections that the internal damping
forces are so small that there is no need to carry out further study into the best
coefficients to use because their effect will be negligible anyway. The maximum
damping force was only 1.6 N, the total net difference of internal damping force to
counteract acceleration was only 0.197 N which is only 0.17% of the total
acceleration force.
On the other hand the total acceleration force was significant, at 117 N. There are no
coefficients directly related to this force, so no further study of this value is necessary.
It is mainly affected by the mass, geometry, cam profile and engine speed entered in
the input pages, which are all known measured values.
The total external damping force is 13.6 N at the valve and could be considered large
enough to undergo further study. However, due to the non-linear nature of the
valvetrain stiffness it is not possible to use the dynamic measurements to calibrate the
external damping coefficients. The errors due to the non-linear valvetrain are far
higher than the external damping forces. This damping value will greatly effect the
power consumption of the system, and if power consumption had been measured then
a comparison could be made.
So, in conclusion, all the default damping coefficients will be used without the need
for further study.
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13.6 Hydraulic Follower Parameters
At this stage we have established the appropriate values to use for all input data with
the exception of the hydraulic follower parameters. The parameters are the oil
viscosity, oil supply pressure, oil supply temperature, and aeration oil content. The
original values were SAE 10, 4 bar, 50 Deg, 0.5% respectively. Firstly the author
investigates which value has the largest effect on the output, and then use this value to
calibrate the hydraulic follower. After this the results of dynamic minus static valve
lift are compared to make the comparison.

Hydraulic Follower Stiffness, 0.5 % Aeration

■ Stiffness
-Average Stiffness
■ Back Calculated Stiffness

Figure 13.15: Hydraulic Follower Stiffness 10-4-50-0.5

Before carrying out the analysis of the input parameters, we will first examine one of
the stiffness vs. force graphs outputted by 4stHEAD. A screen print was taken of the
graph, which was opened in Microsoft Paint. The pixel values of the line were typed
into Microsoft Excel and then the x and y pixels were calibrated to force and stiffness.
The result is shown in Figure 13.15 in blue. Figure 13.15 is at 1000 RPM cam, and
10-4-50-0.5 for the oil viscosity, oil supply pressure, oil temperature, and aeration oil
content respectively. To calculate the deflection due to a force, say of 1000 N, one
must integrate the force vs stiffness graph. Another way of doing this is to calculate
the average stiffness between 0 and 1000 N and multiply by the force. So, the average
stiffness is shown in Figure 13.15 in red. Finally, the green line in Figure 13.15 is the
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back calculated stiffness used by 4stHEAD [4] to calculate the deflection of the
hydraulic follower. The back calculation involved subtracting the solid ‘dynamic
minus static valve lift’ from the hydraulic ‘dynamic minus static valve lift’ and adding
the deflection of the solid follower. This gave the deflection of the hydraulic follower.
The deflection of the solid follower was calculated from its known stiffness of 75000
N/mm and the bottom of pushrod force. The hydraulic stiffness was calculated from
the bottom of pushrod force and the deflection of the hydraulic follower. This result is
shown in green. I had expected the green line to lie on the red line, but as calculated it
lies on the blue line. This means one of three things. Most probably my interpretation
of the force vs. stiffness graph is incorrect, or my integration method is incorrect, but
alternatively 4stHEAD [4J may have overlooked the necessity to integrate the graph.
Which ever is the case, below is the analysis of the input parameters.
The results for varying oil viscosity are not graphed because the difference is only
barely visible. The values at 16 degrees are -0.312, -0.310, -0.308, and -0.306 mm for
SAE 10, 20, 30, and 40 respectively. The percentage difference between SAE 10 and
SAE 40 is only 2%. The difference at maximum valve lift is less at only 1%
The difference between results for varying oil supply pressure is even less visible than
the results for varying oil viscosity. The original plan was to use supply pressures of
0.3, 1.5, 3.0, 4 bar because the value of 4 bar was recommended by Prof. Blair and
according to the manual the pressure can drop to as low as 0.3 bar at low engine
speeds. But, the software crashed for values of 0.3, 1 and 2 bar, so it was decided to
use 3, 4, 5 and 6 bar instead. At sixteen degrees the results were -0.311, -0.312, 0.312, and -0.313 mm respectively. The percentage difference between 3 bar and 6
bar is only 0.6 %. There is no difference between the results at maximum valve lift.
The simulation was run for oil temperatures of 25, 50, 75, and 100 ^C. The results can
be seen in Figure 13.16. The values at sixteen degrees are -0.307, -0.312, -0.317, 0.324 mm. The percentage difference between 25

and 100

is 5.5%. At

maximum valve lift the difference is 3.6 %. However, the engine was not at normal
operating temperature during the motoring test, and so the temperature was probably
somewhere between 25

and 50^C. The respective differences are 1.6 % and 0.9 %.

The aeration oil content was run at 0.5, 1.25, 3.125, 7.8%. The program was crashing
so the engine speed was increased to 1000 RPM cam. The Results are shown in
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Figure 13.17. At nineteen degrees the results are -0.370, -0.377, -0.394, -0.472 mm. It
is highly unlikely that the percentage aeration would be higher than 3.125 %, so the
7.8 % result can be discarded. The percentage differences between 0.5% and 3.125%
aeration are 6.5 % and 1.8 % respectively.
Hydraulic Follower Varying Oil Temperature
S&S 640 Cam, 500 RPM cam, 10-4-X-0.5

■25 Deg C
■50 Deg C
•75 Deg C
■100 DegC

Tam Angle |Oeg)

Figure 13.16: Varying Oil Temperature

Hydraulic Follower Varying Oil Aeration Content
S&S 640 Cam, 1000 RPM cam, 10-4-50-x

-0.5’t
-1.25%
-3.123%
-7 8%

Cam Angle (Deg)

Figure 13.17: Varying Oil Aeration Content
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13.7 Solid Follower Calibration
It was decided to use a solid follower instead of a hydraulic follower. The hydraulic
follower takes about fifteen minuets to execute while a solid follower takes only about
one minute to execute. The difference between outputted valve lift in each is minimal,
especially considering the non linear stiffness of the valvetrain. From the hydraulic
follower results I learnt that a stiffness of between 20000 and 30000 N/mm is
appropriate. When the solid follower was calibrated a stiffness of 75000 N/mm was
necessary to obtain the best results. It was decided to drop the follower stiffness from
75000 to 30000 N/mm and increase the rocker stiffness from 5113 to 5700 N/mm
instead. Figure 13.18 shows a comparison of the ‘High Speed Camera (HSC)
measured dynamic valve lift minus the measured static valve lift’ and ‘HSC minus
measured static valve lift’. The results are at 1190 RPM cam, for a follower stiffness
of 30000 N/mm and a rocker stiffness of 5700 N/mm. It can be seen that the results
are offset by 0.05mm which is caused by negative valve lift just after the valve
seating. One should keep in mind that the blue line will be zero at maximum valve lift
due to the calibration method of the HSC. The green line represents the zero error
line. The stiffness’s were chosen so that the blue line fluctuates about the green line.

Solid Follower

■HSC -4stHEAD
■ HSC - mvl

Cam Angl« (D«e]

Figure 13.18: Solid Follower Valve Lift Differences
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Chapter 14

Dynamic Results

14.0 Dynamic Results
14.1 Simulated Results From “Spring Dynamics 7” Program [29]
14.1.1 Input Parameters
The main input parameters to the program are the valve lift profile, engine speed,
lumped spring stiffness’, spring mass, damping constant and number of lumped
masses.

14.1.1.1

Valve Lift Profile

The valve lift profile determines the acceleration and jerk characteristics the lumped
masses are be subjected to. The user is given the option to use the static valve lift
profile, the measured dynamic valve lift profile, or the 4stHEAD [4] dynamic valve
lift profile. For all the following analyses the measured dynamic valve lift profile will
be used, although it should be kept in mind that the measured dynamic valve lift
profile is calibrated against the 4stHEAD [4] dynamic valve lift. The measured
dynamic valve lift profile obviously changes for each engine speed.

14.1.1.2

Engine Speed

The engine speed is specified in RPM crank. It was found during the analysis that
even a small change in engine speed can greatly affect the frequency and in particular
the amplitude of the spring vibrations. Initially the simulation was run for each of the
measured engine speeds, and the analysis was then expanded to different engine
speeds and studying its effect on the vibration amplitude, frequency and phase.

14.1.1.3 Stiffness
The lumped spring stiffness is entered separately for each individual spring element.
Theoretically, the stiffness of each of the springs should be equal, but as explained in
the spring stiffness chapters each coil in the spring has a different stiffness, and so is
modelled as such. If equal stiffness was used, with three lumped masses, then the four
springs would have stiffness of 144000 N/mm each. Figure 14.1 shows a comparison
between the simulated and measured coil displacement at a slow engine speed of only
775 RPM crank. The first observation can be made that between 50 and 125 degrees
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the simulated and measured values match very well. But, between 125 and 250
degrees it can be seen that the stiffness is underestimated. The author suspects the
reason for this is that the bottom coil binds. The dynamic simulation does not
calculate the effects of coil binding. The effect of the bottom coil binding would carry
through to the second and third coil also, increasing their deflection by the same
amount. Finally, we can examine between 250 and 350 degrees. It can be seen again
that the simulated deflection is higher than the measured deflection, which suggests
that coil bind is not the only simulation error here.

Uft

Cam Angle (Deyees)

Figure 14.1: Coil Displacement for Equal Stiffness of 144000 N/mm.

Figure 14.2 shows the coil displacements for stiffness’ of 157000, 149000, 143000
and 136000 N/mm. These values are the measured stiffness’s of the coils. It can be
seen once again that the binding of the bottom coil is not simulated. The maximum
deflection of coils two and three are simulated reasonably well. Where in the previous
figure the simulated coil closure lagged behind the measured coil closure, i.e. between
250 and 350 degrees, in Figure 14.2 both the opening and closing flanks lag behind.
This could be due to overestimation of the dynamic effect, although the likelihood of
this being true is difficult to determine without further dynamic analysis which will be
carried out later. For now the author will only come to the decision to use the
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measured coil stiffness’ for the simulation, as in Figure 14.2, as they match the
measured results better than the constant theoretical values used in Figure 14.1. Also,
it can be concluded that using these values give sufficiently accurate results of near
static deflection to proceed with the full dynamic analysis. Although, one should
remember the presence of the rather unusual lag, and the over simulated deflection of
the bottom bound coil.
Uft

Cam Angle (Degrees)

Figure 14.2: Coil Displacement for Stiffness’s of 157000, 149000, 143000 and 136000 N/mm

14.1.1.4

Mass

The valve springs active mass is split up evenly between the lumped masses. The
active mass is calculated as 0.549 kg.

14.1.1.5

Damping Constant

One development of program 7 is to include damping in the calculation. The damping
uses the absolute velocity of each lumped mass where 4stHEAD [4] uses the relative
velocity between the lumped masses. Even when using a damping constant of zero
there is inbuilt natural damping caused by the iteration method used. This can be seen
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in Figure 14.3, as illustrated by the green line. It can be seen that the damping is
indeed significant. To counteract this inbuilt damping a negative damping constant of
value -1.1 Ns/mm is necessary. This is later adjusted to match the measured rate of
damping.
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Figure 14.3: Inbuilt Damping

14.1.1.6

Number of Lumped Masses

The number of lumped masses can be selected as large or as small as the user desires.
The software is programmed to automatically build the necessary arrays, even for
large numbers of lumped masses, although obviously the more masses that are used
the longer it takes to execute the program. For this analysis only three lumped masses
are used (1 element per coil), and each iteration takes only about 0.11 seconds. Then,
the results of each lumped mass can be compared with the measured displacements,
although the validity of this analysis is questioned later.
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14.1.2 Dynamic Results

The measured engine speed of 4404 RPM crank is a good example to use for studying
the dynamic results. Figure 14.4 shows the dynamic measured results at 4404 RPM
and simulated results at 4606 RPM. Coils two and four are not graphed to clarify the
analysis of coil three. This engine speed is selected to get the simulated amplitude of
the residual vibration at zero valve lift to match the measured amplitude. It can be
seen that the selected damping coefficient of -1.0 Ns/mm matches the results well. It
can also be seen that the phase matches well at 375 Degrees. But, it can also be seen
that the simulated frequency is too low.

□ft
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Figure 14.4: Dynamic Results, 4404 RPM Measured 4606 RPM Simulated

Figure 14.5 shows the simulated results at 4175 RPM. This engine speed was selected
to get the frequencies to match. It can be seen that the frequencies matches well. But,
it can be seen that the change in engine speed has had a negative effect on the phase
match and the amplitude match. The change in engine speed was 431 RPM or 9.8 %
and it had a considerable effect on the amplitude, phase and frequency of the residual
vibration.
The simulated results at each of the measured engine speeds are graphed in Figures
14.6 - 14.14 to give the reader a feel for the vibrations involved at the different engine
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speeds and the type of simulation accuracy achieved. The result at 4404 RPM is in
Figure 14.11.
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Figure 14.5: Dynamic Results, 4404 RPM Measured 4175 RPM Simulated
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Figure 14.6: Dynamic Results, 775 RPM
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Figure 14.7: Dynamic Results, 2379 RPM
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Figure 14.8: Dynamic Results, 2914 RPM
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Figure 14.9: Dynamic Results, 3106 RPM
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Figure 14.11: Dynamic Results, 4404 RPM
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Figure 14.12: Dynamic Results, 4943 RPM
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Figure 14.13: Dynamic Results, 5391 RPM
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Figure 14.14: Dynamic Results, 5947 RPM
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Examining the dynamic results, it can be seen that there is little deviation from the
static values in Figures 14.6 and 14.7 at 775 and 2379 RPM respectively. That is not
to say that there is no residual vibration at zero valve lift at any speed under 2379
RPM, but merely that there is no noticeable residual vibration at 775 or 2379 RPM.
This can be emphasised by examining Figures 14.8 and 14.9, at 2914 and 3106 RPM
respectively. In Figure 14.8 measured residual vibration can be clearly seen, but at the
higher engine speed of Figure 14.9 there is no significant residual vibration to be seen.
A conclusion can be drawn here that the presence and severity of residual vibration
will to some extent be influenced by the relationship between the duration of the valve
lift profile and the natural harmonic frequencies of the valve spring. It can be seen that
at 2914 RPM the valve lift duration is approximately six times the period of the
vibration. But, of course the full dynamic analysis is far more complex than this, and
it is probably the positioning of the peak positive acceleration which influences the
generation of the vibration the most and not just the valve lift duration alone. In
Figure 14.8 it can be seen that the simulated vibration does not have sufficient
amplitude to make a comparison between the simulated and measured amplitude and
frequency. Later in the chapter the engine speed is adjusted and its effect on the
vibration amplitude and frequency is studied.
In Figure 14.10 at 3920 RPM it can be seen that the measured residual vibration is
only barely visible, it could be considered negligible. Due to the flaw in the valve lift
profile, as indicated in green, the simulated results have to be discarded. Looking back
at the graphs already examined it should be pointed out that even when there is
negligible or no residual vibration to be seen at zero valve lift there is nearly always
vibration waves to be seen at some point during the valve lift duration. This shows
how creative and destructive interference of waves occurs as the valve is opened and
closed, and it is the shape of the valve lift profile which will determine the extent of
the residual vibration. At this stage one can also start to examine the shape of the
measured valve lift profile and how its irregularity increases with engine speed.
In Figures 14.11 and 14.12, at 4404 and 4943 RPM respectively there is again
significant measured residual vibration. In both figures both the simulated frequency
and amplitude do not match very well with the measured frequency and amplitude.
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The simulation in Figures 14.13 and 14.14, at 5391 and 5947 RPM respectively, have
unstable coil vibrations. It took over fifty iterations of the software for the output in
Figure 14.14 to become stable. This is evident in the high residual vibrations present
at zero valve lift. It is obvious, especially when all four lines are displayed, as in
Figure 14.3, that severe coil clash happens which is not modelled by the software. For
this reason the results should be discarded, or at least the amplitude of the waves. The
frequency of the residual vibration should be unaffected by the non-simulated coil
clash. The frequency is once again simulated too low. It should also be noted that in
particular in Figure 14.13 the valve lift profile is irregular. The dip in the valve lift
curve at 160 degrees is suspected to be valve flutter.

Amplitude Error
Measured RPM

Amplitude RPM

Frequency Error
Frequency RPM

%

%

775
2379
2914

2551

-12.5

-

-

4404

4606

-1-4.6

4175

-5.2

4943

4820

-2.5

4720

-4.5

5391

4916... D

-8.8... D

5200

-3.5

5947

5774... D

-2.9... D

5738

-3.5

3106
3920

Table 14.1: Numerical Analysis of Dynamic Results

Table 14.1 shows a numerical analysis of the dynamic results. The first column shows
the measured engine speed in RPM crank. The second column shows the simulated
engine speed at which the simulated amplitude of the residual vibration best matches
the measured amplitude. The third column shows the percentage error between the
amplitude RPM and the measured RPM. Column four shows the simulated engine
speed at which the simulated frequency of the residual vibration matches the
measured frequency. And, the last column shows the percentage difference between
the frequency RPM and the measured RPM. The best match of the amplitude and
frequency was carried out by eye, examining the graph of measured and simulated
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results while simultaneously changing the engine speed. To carry out a numerical
comparison would be difficult and would have little effect on the results in Table
14.1. The difficulty would lie in the fact that the measured vibration does not always
fluctuate exactly about zero but is sometimes offset slightly, the phase rarely matches,
and in the interpretation of the damping. No doubt, this numerical comparison would
be possible but seems pointless considering the number of variables involved. To
attempt to make sense of the results using a statistical approach also seems invalid.
In the table where the cells are empty, the measured residual amplitude was not
sufficient in magnitude to carry out the analysis. Where there is only a dash in a cell,
the simulated residual amplitude was insufficient in magnitude to carry out the
analysis. D in a cell stands for discarded results.
Analysing the frequency error results of Table 14.1 it can be seen that all the
percentages lie between -5.2 and -3.5 %. This is a difference of only 1.7 %. It could
be concluded that the mass or stiffness values that were inputted to the program were
incorrect causing an error of average 4.2 %. Altering the stiffness or mass values
slightly would correct this and the error would then be reduced to only -h/- 0.85 %.
Also, examining the measured and simulated resonant frequency of the S&S Outer
spring in chapter 12, at the preload deflection of 10 mm, it can be seen that if anything
the simulated frequency in chapter 12 is too low, as in Table 14.1. So, therefore we
can conclude that it is more likely the 4.2 % error lies in the input values, rather than
the resonant frequency theory, or the lumped parameter model. It is also possible that
the iteration method introduces a frequency damping effect in the same manner in
which it introduces an amplitude damping effect as already explained.
When carrying out the amplitude analysis it was found that a change in engine speed
of as little as 5 % to 10 % can result in the amplitude changing from negligibly small
amplitude to unstably large amplitude. It can be seen for the tabulated amplitude error
results. Table 14.1, that there is no real pattern to the percentage amplitude errors. It is
the authors opinion, particularly at high engine speeds, that the lumped parameter
model cannot accurately predict the residual amplitude caused at an exact engine
speed. The catch in this though is that increasing or decreasing the engine speed will
probably result in a large change in amplitude to the extent that unstable amplitude
will exist at an engine speed not far from the one you are analysing. In conclusion it
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seems to be more important to be able to accurately calculate the stresses due to coil
clash than predict the amplitude of stable residual vibration. Of course, this is only
tme during the presence of coil clash, and for slow running engines, for example
agricultural engines that are expected to run for many hours at low engine speeds, it is
important to be able to predict the amplitude and more importantly the engine speed
where the amplitude will increase to a magnitude which will cause unwanted coil
clash. For example. Table 14.2 shows the engine speeds at which the simulated
residual amplitude peaks, using the measured dynamic valve lift profile at 4404 RPM.
A zero in the third column signifies that the amplitude went to zero, after the engine
speed in that row, before reaching a new peak in the following row. To truly test the
softwares ability to simulate amplitude, the position and amplitude of these peaks
would need to be experimentally measured. This measurement was not undertaken
during the project. Only measurements at approximately every 500 RPM were taken.
Examining the results in Table 14.2 it can be seen that there are a total of seven peak
amplitudes under 6000 RPM. The amount the amplitude drops between peaks varies,
but in all cases the drop in amplitude is sufficient to say that it is important to locate
the peaks and not simply select simulation speeds at random. Say, for example, if your
design speed was 5500 RPM, the amplitude at this speed is only 0.8 mm! It can be
concluded then that randomly picking simulation speeds, without a full examination
over the entire engine speed could result in the designer missing the presence of
severe coil clash within his design speed. It can also be seen from the table that the
peak amplitude increases with engine speed. The significantly high peaks of 6.4 and
6.8 mm are positioned in isolation form the lower peaks, of say under 1.3 mm, at the
lower engine speeds. In other words, the clash causing peaks are in isolation at high
engine speed and not mixed and mingled among the lower peaks at lower engine
speed. But, if the number of lumped masses is increased from three to nine, the
isolation is no longer true, and severe amplitude occurs at a lower engine speed
followed by a not so severe peak amplitude. As a result the author cannot say with
confidence that the lumped parameter model has the ability to calculate the specific
position and amplitude of clash causing peaks. It is only by further experimental
analysis that one could determine the level of accuracy achievable.
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Peak Amplitude (mm)

Engine Speed (RPM crank)

Zero Amplitude Follows

0.47

2600

0

0.83

3450

1.3

3750

1.0

4100

1.1

4600

6.4

5150

6.8

5900

0

Table 14.2: Positions of Peak Residual Amplitude

14.2 Simulated Results from 4stHEAD
It is important at the beginning of this section to stress the fact that where Spring
Dynamics 7 [29] is a simple three lumped mass model of the spring, simulated using
the measured dynamic valve lift profile, 4stHEAD [4] is a far more advanced model.
4stHEAD models the dynamic behaviour of the entire valvetrain using the static valve
lift profile as input. It also carries out several additional complex calculations, for
example, camshaft-follower oil film thickness- the complexity of which can be
understood from the literature review.
14.2.1 Comparison between 4stHEAD and Spring Dynamics 7 Results
Spring Dynamics 7 [29] was written as an analysis aid to gain a better understanding
of the theory and simulation behind the modelling of a spring using a lumped
parameter model. A lot of useful information was gained by doing so, and in an
attempt to apply some of the above results to 4stHEAD [4] a comparison is now
drawn between the results from 4stHEAD [4] and Spring Dynamics 7 [29]. The same
input values are used as above except a constant stiffness of 144000 N/mm is used,
the damping constant is changed to 0.01 Ns/mm, and the 4stHEAD [4] valve lift
profile is used.
Figure 14.15 shows the Spring Dynamics 7 [29] simulation at 5429 RPM, which was
selected to gain the best match during the valve lift duration, 50 to 325 degrees. The
4stHEAD [4] simulation was run at 5392 RPM. It can be seen that the match during
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valve lift is very good, but that the residual vibration frequency is slightly low. The
difference in engine speed is 37 RPM or 0.7 %.
Figure 14.16 shows the best frequency match, achieved at 5384 RPM. It can be seen
that the match is indeed very good. It should be noticed that the 4stHEAD [4] results
have ever so slightly less damping than Spring Dynamics 7 [29], although it is
obvious that both have damping. The difference in engine speed is only 8 RPM or 0.1
%.

In the authors opinion the difference between both sets of simulation results is
negligible.
Uft

Cam Angle (Degrees)

Figure 14.15: Spring Dynamics 7 (5429 RPM) Lift Match to 4stHEAD (5392 RPM)
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□ft

Cam Angle (De^ees)

Figure 14.16: Spring Dynamics 7 (5384 RPM) Frequency Match to 4stHEAD (5392 RPM)

14.2.2 4stHEAD Results
Figures 14.17 to 14.25 show a comparison between the 4stHEAD [4] dynamic
simulation results and the measured dynamic results. Some of the lines are cropped to
make the residual vibration of coil three easier to see. Where there are an unreal
number of coils in a spring 4stHEAD [4] rounds up the number of lumped masses to
the next integer. Therefore the S&S outer spring, with 3.6 active coils is modelled
using 4 lumped masses. The trouble with this is that only three coils were measured,
so it is not possible to draw a direct comparison between the measured and simulated
coil displacements, as can be seen in the figures. However, it is possible to compare
the simulated valve lift profile to the measured valve lift profile, and also to carry out
an amplitude, frequency and phase analysis of the residual vibration at zero valve lift.
And so, here follows a brief analysis of each set of results. The results at 775 RPM
have no measured or simulated residual vibration. The valve lift profile matches well.
The results at 2379 RPM have negligible residual vibration. The valve lift profile
matches well. At 2914 RPM, the simulated amplitude, frequency and phase of the
residual vibration all match the measured results well and so does the valve lift
profile. At 3106 RPM the residual vibration is minimal. The valve lift profile match is
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good. At 3920 RPM the measured results up to 40 degrees should be discarded, as
pointed out in green. Apart from this the valve lift profile matches reasonably well.
There is measured residual vibration but the amplitude is small. There is no simulated
residual vibration to be seen. At 4404 RPM the valve lift profile match is very good.
The simulated frequency is just slightly too high, but very good, the phase matches
well but the amplitude is about 43% low. At 4943 RPM the simulated amplitude is
about 10 % too high, the frequency is a little low and the phase is out Just a little. The
match looks good. The valve lift profile looks good apart from the rather unusual
measured valve closure. When the valve would normally be after closing, it is still
open 0.3 mm. The 0.3 mm gap then closes at a linear rate before the next valve
opening. It should be practically impossible for the valve to pump up like this,
because the valve lash was set to zero. So, it must be concluded that the camera head
moved relative to the engine, at extremely high velocity. Either the head or the engine
must have severely ‘jumped’! At 5391 RPM the valve lift profile match is good. The
simulated amplitude is about 28 % low, the frequency is slightly high, and the phase
match is good. At 5947 RPM the simulated valve lift profile, phase and amplitude
match is good. The Frequency is just slightly high.
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Figure 14.18: 4stHEAD Dynamic Results, 2379 RPM
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Figure 14.19: 4stHEAD Dynamic Results, 2914 RPM
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Figure 14.20: 4stHEAD Dynamic Results, 3106 RPM
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Figure 14.21: 4stHEAD Dynamic Results, 3920 RPM
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Figure 14.22: 4stHEAD Dynamic Results, 4404 RPM
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Figure 14.23: 4stHEAD Dynamic Results, 4943 RPM

196

Lift
Measured 1
Measured 2
Measured 3
Measured 4
Transducer
4stHEAD 1

^/W

4stHEAD 2
4stHEAD3
4stHEAD4
4stl-EAD5
Static Lift

120

140

160
180
200
Cam Angle (De^ees)

220

240

260

280

300

/vV
/W
AA/
AA/

320

Figure 14.24: 4stHEAD Dynamic Results, 5391 RPM
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Figure 14.25: 4stHEAD Dynamic Results, 5947 RPM
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The analysis of the 4stHEAD [4] result figures could be generalised to say that the
phase match is good, the frequency varies from being a little high to a little low, and
the amplitude varies between being 43 % low and 10 % high. It is clear that the results
from the 4stHEAD [4] four lumped mass model is better than the results from the
Spring Dynamics 7 [29] three lumped mass model. The most probable reason for this
is that the 4stHEAD [4] model includes in its calculation the effect of coil contact. It
can be seen that the bottom simulated coil binds between 60 and 130 degrees,
reducing the dynamic mass by 25%. It can be seen that the bottom measured coil
binds between 60 and 120 degrees, reducing the dynamic mass by somewhere
between 17 and 34%. Not only does the coil binding effect the dynamic mass, but it
also effects the compression of the lumped spring above the bound coil which in turn
effects the compression of the other lumped springs also. So, from the results it seems
that modelling 3.6 active coils as four lumped masses, and calculating the effects of
coil bind, works reasonably well in terms of frequency and phase match. In places
there is still room for improvement in the simulation of amplitude, which causes some
concern as discussed in the analysis of the Spring Dynamics 7 [29] program, in
simulating the position and amplitude of peak vibration.
Another reason for concern is the question whether the success in modelling the phase
and frequency of 3.6 active coils as four lumped masses is merely a coincidence? We
have to wonder how well four lumped masses would model 3.3 active coils. Certainly
it seems to the author that the non integer fraction magnitude of the number of active
coils makes a big difference in the dynamic performance of the spring.

14.2.3 Further Results

The results of another six cams are given in Appendix B. For the seven cams a total of
sixty five measurements were taken. The data from one cam, cam 600, had to be
discarded because the .mvl file was in error, leaving six cams and fifty six
measurements. Out of those fifty six, eleven dynamic measurements needed to be
discarded (20 %) for varying reasons. I have not included an analysis of the results in
Appendix B, but they are there if anyone wishes to study them.
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Chapter 15

Conclusion and Discussion

15.0 Conclusion and Discussion
15.1 Section 1, Experimental Measurement
The engine test bench was successfully designed and constructed. To gain optical
access the rocker enclosure was removed completely and the head machined. Oil
access to the rocker was blanked off. This optical access and lubrication strategy
worked well. Engine speed fluctuations were reduced to 0.69% by adding the
flywheel. The most significant conclusion that can be drawn about the test bench and
the following recommendation is that the electric motor and frequency inverter used
to power the engine generated large amounts of noise in the sensor readings and
therefore a different power source should have been used. Using a different power
source would result in more accurate sensor readings and would allow tests to be
carried out at exact engine speeds. (Ch 2 complete)
Three main sensors were used to monitor the engine; an encoder, an inductive
transducer and a high speed camera. High frequency engine speed measurements were
achieved through the innovative application of the load resistor and sampling the
falling edge of the pulse. As a result it was possible to measure the drop in engine
speed as the valve lifts. The drop in engine speed was less than 1% at 1500 RPM
crank. The transducer signal was very subject to electrical noise, but it was possible to
eliminate the noise through the use of software filters. There was a problem also with
transducer linearity of only 0.25mm. A special calibration technique was devised
which produced repeatable static measurements of +/- 0.02 to 0.05 mm repeatability.
However, even though these high repeatability static measurements were achieved
when the dynamic testing was carried out a problem was encountered where the
output floated by as much as 1mm and therefore the transducer results had to be
discarded. The high speed camera operated very successfully. The encoder was used
to trigger each frame and an analogue trigger from Labview [22] was used to initiate
recording. Oblique lighting using two 500W focused halogen lights was successfully
used. (Ch 3 complete)
Professional Analyst [21] digital tracking software was used to convert the images
from the high speed camera to x-y pixel co-ordinates of coil displacement. Signal
acquisition was programmed in Labview [22]. Coasting tests were performed. This
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involved raising the engine speed above a preset threshold, cutting the power to the
inverter, and allowing the engine speed to decrease. Then, when the recording
threshold was passed, Labview [221 saved the raw data to file and sent an analogue
trigger to the camera. Later, in a second Labview [22] program, the raw encoder data,
the raw transducer data, the 4stHEAD [4] simulation results and the pro-analyst pixel
co-ordinates were selected, scaled and synchronised. The results graph data points
were then saved to file. (Ch 4 complete)
The individual spring coil stiffness was successfully measured by using a tensile
testing machine to measure the force and by optically measuring the coil
displacements. The pushrod and rocker stiffness’ were also measured in the tensile
testing machine, although it was necessary to use two dial gauges to measure the
displacement, if accurate results are desired. Not using the dial gauges can result in
errors as high as 50%. A simple approach was used to measure the valvetrain
stiffness. Weights were hung from a lever and the rocker displacement was measured
using a dial gauge. (Ch 5 complete)
Special apparatus was constructed and Labview [22] programs were written to
measure the resonant frequency of the springs and pushrods. A piezoelectric sensor
was used to measure the frequency of the vibration force. The springs were
compressed and then struck with a striking instrument. The first Labview [22]
program saved 0.5 see of raw data after a preset amplitude threshold within a
specified frequency range had been crossed. This signal acquisition method worked
well. One rather unusual observation was that at certain spring compressions it was
necessary to significantly lower the triggering amplitude threshold. This indicates that
at certain compressions the spring is less likely to resonate than at others. The author
can think of no theoretical explanation for this. A second Labview [22] program was
written to analyse the raw data which calculated a moving FFT (Fast Fourier
Transform). This extra analysis was found to be very useful as it indicated the
frequency before, during, and after striking the spring. It also gives a good indication
of the resonance amplitude in comparison to striking amplitude and also indicates
how smooth the resonant frequency line is. The theoretical resonant frequency was
calculated from the measured stiffness from a formula the author remembered from
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my undergraduate final year Systems Control lectures. It proved to be a simple and
accurate way of calculating the resonant frequency. (Ch 6 complete)

15.2 Section 2, Theories and Simulation Programs
A Labview [22] program was written to simulate the spring stiffness using three
different theories. They were the close coiled theory, the open coiled theory, and work
from Wu and Hsu [16] which uses an intrinsic coordinate system to calculate the
strain energies due to torsion, bending and shear in three dimensions. All three
theories are based on a single centre line force. The effects of coil binding were also
successfully modelled. (Ch 7 complete)
Over nine different programs were written in Labview [22] in an attempt to simulate
the dynamic behaviour of a valve spring. A simple linear model was built based on
integration of acceleration forces. Several, progressively more complex, lumped
parameter models were also built. The finished result was a program which allows the
user to select as large a number of lumped masses as he wishes, and which takes into
account the effects of damping. Formulas were derived from basic theories which are
used to build arrays which are then solved resulting in the dynamic displacement. The
programs were validated and the convergence tested. (Ch 8 complete)
The 4stHEAD [4] software was used to dynamically analyse the valvetrain. The valve
lift was first deduced in program 6. All of the input data was then measured and
entered in program 10 for the dynamic analysis. The input data varied from measuring
simple geometrical data to measuring and performing calculation checks of the more
complex mass distribution properties. All the input and output data was studied in
great detail until fully understood and backed up with experimental measurement or
calculation where possible. (Ch 9 complete)

15.3 Section 3, Results
The measured pushrod stiffness increased with compression from about 10,000 N/mm
at zero force to about 23,000 N/mm at 2000 N force. Also, hysteresis was measured.
The 4stHEAD [4] simulated stiffness was 21139 N/mm, based on a tubular length of
226 mm, which was within the measured range. The measured pushrod longitudinal
frequency was in the range 2690 to 2715 Hz, indicating constant frequency with
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compression. The 4stHEAD [4] simulated value was 2648 Hz which gives a 4.8 %
error. The measured pushrod transverse frequency was in the range 478 to 495 Hz,
indicating negligible change in frequency with compression. The 4stHEAD [4J
simulated frequency is 485 Hz, which was selected to be within the measured range
based on a tubular length of 226 mm. The valvetrain stiffness was measured as 3387
N/mm, and again there was hysteresis present. From this the required rocker stiffness
was back calculated as 5113 N/mm, although this was later adjusted to 5700 N/mm.
The measured rocker stiffness was 5000 N/mm, and no hysteresis was present. (Ch 10
complete)
The individual static coil compressions were measured with sufficient accuracy to
draw high resolution graphs of force vs. deflection. But, if the coil stiffness was
calculated from point to point the difference in stiffness between the coils was
indistinguishable. By fitting polynomials to the deflection curves and differentiating it
is possible to obtain accurate stiffness graphs, but with the loss of some detail. From
direct examination of the deflection curves, the following conclusions were made
•

The measured coil stiffness differs from the theoretical stiffness by as much as
17%

•

The stiffness of the bottom fraction of a coil, if fully active, will be equal in
stiffness to the full coils above it. This completely contradicts the theory.

•

For a spring of constant spring wire diameter, the deflection of each fully active
coil in the spring will be equal but not constant.

•

For a spring of non-constant spring wire diameter, the irregularity of the side
clearance is irrelevant. The increase in stiffness of successive coils will be
approximately equal.

•

The stiffness of a binding coil is incomparable with the stiffness of the fully
active coils

The spring stiffness was simulated using three separate theories. For the S&S outer,
parallel wound spring the results were 38.1 N/mm for the close coiled, 38.0 N/mm for
the open coiled, and 37.6 N/mm for Wu and Hsu [27]. This is only 1.3 % difference
between the theories. For Wu and Hsu [27], the elemental stiffness varied between
13542 N/mm and 13528 N/mm, which is approximately 0.1% variation in calculated
stiffness across the spring. The main objective in writing the programs was to
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accurately simulate the individual coil stiffness. In particular, the stiffness of the
bottom coil which had 66% greater measured stiffness than the other coils. This
objective the program failed to achieve. Although, where an average full spring
stiffness over the entire compression range is to be used the results would be
satisfactory. Graphs of stiffness vs. deflection are presented in Chapter 11 for eight
springs, of measured stiffness, 4stHEAD [4] stiffness and Wu Hsu [27] stiffness. (Ch
11 complete)
In chapter twelve there are graphs of spring natural resonant frequency for eight
springs. The comparison between the measured resonant frequency and the calculated
from measured stiffness resonant frequency is good. A simular comparison can be
drawn in frequency as was previously drawn in stiffness; the 4stHEAD [4] simulated
frequency has steeper steps than the measured frequency, with triangular shaped
errors between the two lines. (Ch 12 complete)
Valve lift deduction was completed in 4stHEAD [4] with errors of less than 0.08mm,
and 3 % apart from the opening and closing ramps where an unavoidable 10 % error
was present due to the small absolute lift. The rocker inertia was measured as 92
'y

'y

kg.mm", which is within the calculation check values of between 77 to 196 kg.mm“. It
was decided to use a solid follower of stiffness 30,000 N/mm. With this, using a
rocker stiffness of 5700 N/mm instead of the measured 5000 to 5100 N/mm satisfies
the main objective, when matching simulated dynamic valve lift to measured dynamic
valve lift, of having the simulated valve dynamically open 13 Deg. later than it
statically opens which is equal to the measured lag. The damping and acceleration
forces analysis was lengthy, and so was its conclusion, which I will not attempt to
change but will simply repeat. ‘7/ can be seen for the conclusions in the separate
sections that the internal damping forces are so small that there is no need to carry
out further study into the best coefficients to use because their effect will be negligible
anyway. The maximum damping force was only 1.6 N, the total net difference of
internal damping force to counteract acceleration was only 0.197 N which is only
0.17% of the total acceleration force.
On the other hand the total acceleration force was significant, at 117 N. There are no
coefficients directly related to this force, so no further study of this value is necessary.
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It is mainly ajfected by the mass, geometry, cam profile and engine speed entered in
the input pages, which are all known measured values.
The total external damping force is 13.6 N at the valve and could be considered large
enough to undergo further study. However, due to the non-linear nature of the
valvetrain stiffness it is not possible to use the dynamic measurements to calibrate the
external damping coefficients. The errors due to the non-linear valvetrain are far
higher than the external damping forces. This damping value will greatly effect the
power consumption of the system, and if power consumption had been measured then
a comparison could be made.
So, in conclusion, all the default damping coefficients will be used without the need
for further study.'" A hydraulic parameter analysis was also carried out, which can be
viewed in Chapter 13. The author will not quote values from that because a solid
follower was used, which was calibrated at 30,000N/mm as already stated. (Ch 13
complete)
From the linear model it was found that there is a severe additive nature to the spring
dynamic displacement. On the downward stroke, during peak acceleration at 5500
RPM, the top of the spring compresses 0.6mm while half way up the spring it only
compresses 0.07mm. This result is based on the assumption of linear acceleration
while in reality the dynamic compression effects the acceleration. Another obvious
miscalculation is that the top of the spring always has zero dynamic displacement.
Also, the linear model is unable to calculate for stored kinetic energy and so cannot
simulate residual vibration and instability. For the lumped parameter model it was
found during convergence testing that convergence is usually achieved after about six
iterations. However, while using the program afterwards it was found that at highly
unstable engine speeds with negative damping it can take up to fifty iterations.
Convergence with number of elements was about ten elements, but most accurate
results were obtained using only one element per coil, i.e. three elements. It was found
that at low engine speed, close to static, dynamic displacement was best modelled by
using the measured individual coil compressions rather than the theoretical constant
values. There was a rather unusual slight lag in simulated coil displacement. It was
found that there is an inbuilt damping nature in the lumped parameter model which
requires a negative damping coefficient of -1.1 Ns/mm to counteract this. A value of 205

1.0 Ns/mm matched the measured damping rate. The iteration time when using three
elements was only 0.11 sec. The dynamic analysis was carried out by adjusting the
engine speed in an attempt to get first the amplitude and later the frequency to match.
It was found that the dynamic valve lift profile changed considerably as a result of
dynamic forces and that 4stHEAD [4] simulated this well, even the presence of severe
valve float. The amplitude and frequency analysis was presented in tabular form. The
frequency error was between -5.2 and -3.5%, giving an average error of 4.2% and a
difference of only +/- 0.85%. This indicates that if the mass stiffness input values
were changed slightly the error would only be 0.85% and the lumped parameter
models ability so simulate frequency is excellent. However, the same is not true for
amplitude. When carrying out the analysis one significant observation was that the
amplitude is highly dependant on engine speed. As little as a 5 to 10% change in
engine speed can result in the amplitude changing from negligibly small to unstably
large. A general conclusion was drawn when running the software that it is possible
the model is unable to accurately simulate displacement, and in either case it is
probably more important to be able to accurately simulate coil clash. Also, it is more
important to be able to simulate and locate the positions and amplitude of peak
amplitude with changing engine speed, rather than simulate amplitude at pre
determined engine speeds of interest. The simulation was run with increasing engine
speed and the position and amplitude of amplitude peaks was tabulated. There were a
total of seven peaks between 2600 and 5900 RPM. Those peaks were 0.47 and 6.8
mm respectively. The first five peaks were under 1.3 mm amplitude, and so if that
was the design strategy, and if the simulation was accurate, then it could be stated that
the spring has only small amplitude vibration up to about 4600 RPM. The first high
peak amplitude vibration occurs at 5150 RPM. The above lumped parameter analysis
was for Spring Dynamics 7. A comparison was drawn between results from Spring
Dynamics 7 [29] and 4stHEAD [4]. It was found that if the same input values are
used, and using three lumped masses, then the results are almost identical. A
comparison was made between the 4stHEAD [4] simulated and measured dynamic
displacement. Four lumped masses were used. It was found that the results were better
than those obtained from Spring Dynamics 7 [29]. The reasons for this is in using four
lumped masses instead of three and also for taking into account the effect of coil
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contact. But more significantly, it is the combination of these. This can be emphasised
by examination of the bottom dead coil. The simulated coil has one quarter the spring
mass and four times its stiffness. This combination seems to model well the true case
of a 0.6 turn of a bottom coil, who’s true dynamic mass is unknown and whose
stiffness is far less than theoretically explainable. But this poses the question if it is
merely a coincidence, and how well would four lumped masses model a spring of say
3.3 active coils? (Ch 14 complete)

15.4 Future Work
A second improved linear program was written in Fortran [35]. Unfortunately it seems
I have mislaid my notes on the derivation of the formulae used, and I cannot run
Fortran on my home computer. Therefore it is not included in the report. The
improvement was that a different elemental stiffness arrangement was used which
resulted in zero dynamic displacement at the top of the spring. This v/as achieved by
giving the element a combined stiffness based on the spring stiffness above and below
the element, which seems logical. The result was two spikes in the dynamic
displacement. The larger one was positioned approximately one quarter from the base,
and the second approximately one quarter from the top. The positions coincide with
the positions of most frequent spring breakage. It is the combined effect of the mass
distribution, the combined stiffness distribution and the acceleration distribution
which resulted in these rather unusual spikes. A reproduction of a simular program is
a possible area of further study. It might even be possible to cycle the program in an
attempt to take into effect the non linear nature of the acceleration.
The most significant unanswered question is the lumped parameters ability to model
displacement, and in particular peak amplitudes. The single thing which caused most
confusion, and which is a simulation problem that was by no means recognised at the
beginning of the project, is the rather unusual behaviour of the spring caused by the
non integer value of its number of active coils. These two areas are possibilities for
further research.
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Dynamic Results Graphs
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